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ABSTRACT

The research completed for this thesis is focused on the energy absorption capabilities
of axially loaded structures fabricated from aluminum alloy extruded tubing with a square
cross section. Quasi-static compressive testing is used to examine the effects o f different
sizes o f dual centrally-located circular hole discontinuities on the crash characteristics o f the
extrusion absorber test specimens. Test specimens fabricated from three types o f aluminum
alloy extrusion stock material, AA6061-T4, AA6061-T6, and AA6063-T5, and two wall
thicknesses were considered in the crush testing. Finite element models o f each o f the test
specimens were developed using a material model incorporating damage mechanics. The
material models were developed using a two-stage calibration process employing data from
tensile tests conducted on specimens extracted from the extrusion stock material.
The results o f the quasi-static compressive testing showed that large improvements in
energy absorption characteristics may be achieved in the types o f axially-loaded structures
considered in this research through the addition o f circular hole discontinuities. Several new
collapse modes were observed in the experimental crush testing and are characterized in the
text using photographs o f the experimental process.

The collapse modes and energy

absorption o f the crash test specimens were found to be dependent largely on material
properties.

Furthermore, a good correlation was observed between the results o f the

experimental quasi-static compressive tests and the results o f the finite element simulations.
An equation was developed that predicts the axial load corresponding to the initiation o f
plasticity at the boundary o f the circular hole discontinuity o f the structures considered in this
research with good accuracy.
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1. INTRODUCTION
The total economic cost o f automotive accidents in the United States in the year
2000 was $230.6 billion [1]. These accidents resulted in over 41000 fatalities and 28
million damaged vehicles. The extensive impact on society as a result o f the increasing
number and severity o f motor vehicle accidents has led to consumer demand from the
automotive industry for increased vehicle safety and the development o f increasingly
stringent government safety regulations.

This increased concern for vehicle occupant

safety has made automotive crashworthiness an increasingly important area o f study.
The importance o f effective crashworthiness engineering as it relates to vehicle
design may be illustrated by comparing the results o f frontal offset crash tests conducted
by the Insurance Institute for Highway Safety (IIHS). The IIHS, which is funded by auto
insurers, conducts fully instrumented crash tests on a variety o f new vehicle models each
year. The tests are conducted using Hybrid III crash test dummies, which are designed to
simulate the mechanical behavior o f a human in a crash test. They are equipped with
measurement gauges that provide acceleration, deflection, and force data for various body
parts during simulated crashes. The tests conducted by the IIHS include rigid barrier
impact, deformable baiiier impact and vehicle-to-vehicle crash tests. The IIHS frontal
offset test is conducted by accelerating a vehicle to 64 km/h at which point one side o f the
front end o f the vehicle impacts a deformable barrier. Since only 40% o f the width o f the
front o f the vehicle impacts the barrier, a smaller region o f the structure must manage and
dissipate the kinetic energy o f the vehicle. Furthermore, the impacted side o f the front
end will sustain more crushing compared with a full-width test, in which the full width o f
the front end o f the vehicle impacts a barrier. A negative effect on the occupant is more
likely in offset impact tests.
Shown in Figure 1.1 are photos o f the highest rated and lowest rated models in the
large pickup category for the 64 km/h frontal offset crashworthiness evaluation test
conducted in 2003 [2]. The highest rated model was the Toyota Tundra and the lowest
rated model was the Ford F I 50. The rankings depend on how well the structure protects
the occupant compartment, the risk o f injury for an average-sized male occupant, and
how well the restraint system controls occupant kinematics.
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As shown in Figure 1.1, the front crush zone o f the Toyota Tundra absorbed m ost
o f the kinetic energy involved in the crash through plastic deformation o f the automobile
stracture and the occupant compartment remained intact.

This resulted in minimal

intrusion into the driver footwell area and minimum reai*ward movement o f the
instrument panel. Acceleration and force measurements taken from the head, neck and
chest o f the dummy indicated a low risk o f injury.

Figure 1.1. Comparison o f the highest rated and lowest rated vehicles in the large pickup
category in the 64 km/h frontal offset crash test conducted by the IIHS [2]. (a) View o f
the Toyota Tundra during impact, (b) View o f the Toyota Tundra after test with driverside door removed, (c) Side view o f Ford FI 50 during impact, (d) Side view o f the Ford
FI 50 after test with the driver-side door removed.
In contrast, the front crash zone o f the Ford F I 50 did not effectively absorb the
kinetic energy involved in the impact and transferred large forces to the occupant
compartment region o f the vehicle.

This caused significant intrusion into the driver
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fbotwel! area, large rearward movement o f the instrument panel, and buckling in the
region o f the floor under the driver’s seat. Forces on the head and neck o f the dummy
were high due to the dummy’s head striking the steering wheel and measurements taken
from the tibia indicated a high probability o f injury to both o f the lower legs.
The disparity in the performance in the offset crash test o f these two vehicles
illustrates the importance o f effective crashworthiness engineering in the automotive
industry. The objective is to design a structure comprised o f systems o f components that
work together to ensure the integrity o f the occupant compartment while minimizing the
accelerations transmitted to the occupants and dissipating the kinetic energy involved in
the collision [3], One way o f meeting the latter objective is through the use o f systems
that absorb energy by deforming plastically.

Many researchers have found that an

effective solution involves the use o f axially loaded square tubes [4],
Another major trend in the automotive industry is the use o f lightweight materials
such as aluminum in automobiles.

Due to the need o f automotive manufacturers to

address the environmental impact o f their products, the use o f lightweight materials has
become more common in the design o f vehicles. This makes the study o f how aluminum
components and systems perform in crash situations increasingly important.

In

particular, the study o f aluminum extrusions by crashworthiness researchers has become
more prevalent [4]. The strength to weight ratio and material properties o f aluminum
make it more attractive in the design o f energy absorbing structures than other materials
such as steel. Aluminum has also been incorporated into many systems and components
in vehicles such as engine blocks and pistons.

When using aluminum in the body

structure o f a car, a savings in weight o f up to 25% may be attained compared with steel
structures [5]. In addition, aluminum can be recycled with an energy input o f 5% o f the
total energy need to produce the primary aluminum.
The research done for this thesis involves the study o f energy absorbing structural
components made o f extraded aluminum. The objective o f this research is to examine the
effect o f material properties and geometric imperfections, in the form o f circular holes, on
the crashworthiness characteristics o f axially loaded extruded aluminum

tubes.

Experimental quasi-static crash tests will be used to determine the collapse mode,
load/displacement characteristics, and energy absorption ability o f tubes with and without
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circular-hole discontinuities. Tubes with various lengths, alloys, wall thickness and heat
treatment conditions will be considered. These experimental results will be compared
with the results o f non-linear Finite Element (FE) simulations as well as theoretical
relations developed by other researchers.
FE modeling is, an invaluable design and analysis tool used by automotive
engineers in the area o f energy absorption and crashworthiness. Individual systems and
components as well as fiiii vehicle impact events may be modeled and simulated under a
variety o f conditions.

The results may then be analyzed and design changes made

without ever building a physical prototype. Due to the high cost o f building prototypes
a.nd conducting physical crash testing, FE analysis provides a major cost savings to
automotive companies.
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2. L IT E R A T U R E R EV IE W

Due to the importance o f the subject to the automotive industrj', there is a large
amount o f literature available on the energy absorbing capabilities o f structural members.
In this chapter, key aspects o f the research found in the literature on the energy
absorption and crashworthiness o f square tubes, as well as other research relating to the
topic are outlined.

Section 2.1 discusses the collapse modes o f axially loaded square

tubes. This topic is important because the amount o f energy absorbed by a tube is largely
dependant upon the mode in which it collapses.

Section 2.2 outlines the differences

between elastic and plastic buckling o f square tubes as well as the energy absorption and
load-displacement characteristics associated with plastic buckling.

Plastic buckling is

discussed in more detail because the tube geometries considered in the current research
undergo plastic buckling. Section 2.3 discusses factors that influence the collapse mode
of axially loaded square tubes. Section 2.4 details some of the research done with crash
initiators, which are discontinuities intentionally introduced into structural members in
order to alter their energy absorption characteristics. Section 2.5 discusses some o f the
theoretical relations governing the crushing process o f square tubes developed by various
researchers. In section 2.6, research on quasi-static axial crash testing o f square tubes is
reviewed, while section 2.7 discusses the work o f researchers who have studied axial
crushing o f square tubes using FE modeling.

2.1 C ollapse M odes of Axially Loaded S quare Tubes

The main physical mechanism through which a collapsing square tube absorbs
energy is plastic strain. Therefore, in order to maximize energy absorption, the amount o f
plastic strain must be maximized. For this reason, the collapse modes o f square tubes are
a significant factor in their effectiveness as energy absorbing devices.
For maximum plastic strain and energy absorption, an accordion-like mode must
occur. A crashed tube that has collapsed in this mode, also known as the progressive
buckling mode, is shown in Figure 2.1 (a). The folds formed during this collapse mode
are sometimes referred to as lobes.
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Figure 2.1. (a) Progressive buckling collapse mode for an axially-loaded square
aluminum tube, (b) Global bending collapse mode for an axially-loaded square tube.
The mode for which energy absorption is minimized is the global bending mode.
A tube that has deformed in the global bending mode is shown in Figure 2.1 (b). This
mode o f deformation is undesirable because the amount o f energy absorbed by the tube is
directly related to the number folds that are formed in its deformation. For the global
collapse mode, a large axial displacement is accompanied by only one fold, or kink, near
the centre o f the tube, at which plastic deformation is localized. The other regions o f the
tube experience very little plastic deformation and thus, very little energy absorption.
The progressive collapse modes o f axially loaded square tubes have been
characterized in detail by Abramowicz and Jones [6].

These researchers divide the

progressive collapse mode into three distinct crushing modes: symmetric, asymmetric,
and transition. The term symmetric is used to describe three distinct situations, all o f
which have very similar crushing loads and energy absorption characteristics:
1. One layer with two opposite lobes that move outward while the remaining two
lobes move inward.

This is the mode that is illustrated in Figure 2.1 (a),

which shows a tube that was crushed forming 6 symmetric layers. This mode
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is more clearly illustrated in Figure 2.2, which shows a paper model
illustrating one layer o f idealized symmetric crushing,
2. Three lobes move inward and one outv/ard.
3. All four lobes move inward or outward. This mode is sometimes referred to
as the extensional mode.
The term asymmetric mode is used to describe two modes referred to by
Abramowicz and Jones as A and B:
1. (Type A) A layer with three individual lobes deforming outward and one
inward.
2. (Type B) A layer with two adjacent lobes deforming inward and the other two
adjacent lobes deforming outward.
These two modes, like the modes classified as symmetric, share very similar crushing
loads and energy absorption characteristics.

■'A.'

Figure 2.2. Paper model constructed by Abramowicz et al. illustrating the syTOmetric
buckling mode [6].

There is another important distinction that can be made between the symmetric
and asymmetric modes. During asymmetric crushing, an inclination o f the undeformed
part o f the column occurs relative to the vertical axis. If a large enough instability occurs,
it is possible that a shift from progressive buckling to global bending may occur.

7
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Although a transition to global bending may also take place during s\nnmetric crashing,
caused by deflections (imperfections) introduced into the uncrushed portion o f the
column by the formation o f the lobes, it is much less probable.

2.2 Elastic and Plastic Buckling of Axially Loaded Square Tubes

Depending on geometry, a square tube may be classified as either stocky or
slender.

Stocky columns undergo uniform plastic deformation before buckling takes

place, while slender columns buckle elastically.

All the collapse m odes discussed in

section 2.1 may occur for both elastic and plastic buckling.

The tube geometries

considered in the present research may be classified as stocky and will result in plastic
buckling.

2.2.1 Plastic buckling of axially loaded sq u are tubes

The plastic buckling o f axially loaded square tubes has been characterized by
Abramowicz and Jones [7],

A schematic o f a typical axial force versus axial

displacement curve for a tube undergoing plastic buckling and collapse in the global
bending mode is shown in Figure 2.3.
As an axial load is applied to the tube a uniform elastic com pression occurs until
point E. This corresponds to a linear region on the force-displacement curve with a steep
slope. Before point E, the stress is uniform throughout the tube and below the yield stress
o f the material. If the load is removed before point E, the tube will return to its original
form with no permanent plastic deformation. The load corresponding to point E on the
curve is called the squash load, and is defined below in equation (1), where C is the width
o f the sides o f the tube, t is the wall thickness o f the tube, and dy is the yield stress o f the
tube material.

P s Q = A { C - t) m ,
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Figure 2.3. Schematic diagram o f the force versus displacement curve for plastic
buckling o f a square tube collapsing in the global bending mode [7].
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Figure 2.4. Schematic diagram o f plastic buckling corresponding to point B in Figure 2.3 [7],
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As the tube is loaded beyond point E, a region o f distinct elastic-plastic
compression occurs (point E to point A). The collapse process is initiated at point A,
which corresponds to the bifurcation load, or the onset o f global bending.
followed by a transition region labeled A-B in Figure 2.3.

This is

The transition region is

characterized by the formation o f localized plastic defomiations at the end regions and
middle region o f the tube, as illustrated in Figure 2.4. These localized defomiations are
accompanied by a small variation in load and a large increase in axial displacement.
Point B represents the onset o f local collapse o f the tube.

At this point, local

collapse occurs at one (or both) end(s) o f the tube on one side as shown in Figure 2.4.
This is accompanied by a relatively large lateral displacement o f the middle region o f the
column due to global bending o f the tube. This lateral displacement is on the order o f
0.2% o f the length o f the tube.
At this point, the tube either commences a global bending collapse or a
progressive buckling collapse. The mode in which the column collapses is determined by
an interaction o f two competing effects.

One effect promotes a progressive plastic

collapse mode and the other effect promotes a global bending collapse mode.
The effect that promotes the progressive collapse mode involves the local collapse
o f the end region(s) making the collapsed side weaker than the uncollapsed side. This
causes the reaction force, P, to shift towards the concave side o f the tube.

The

redistribution o f loading will promote a sectional collapse o f one end o f the column,
which will initiate a plastic progressive buckling collapse mode.
The effect that promotes the global bending collapse mode is the bending moment
{M=P{Wo+ f)) about the middle section o f the column. As the shift in reaction force P
and the lateral deflection o f the middle o f the tube f due to the global bending o f the
column increase, this bending moment is more pronounced.

This will promote a

sectional collapse at the middle o f the column, which will initiate a global bending
collapse. This global bending collapse will occur with little further deformation o f the
two end regions.
It is noted in reference [7] that the load-displacement curves o f tubes that undergo
plastic buckling are identical up to the point o f local collapse, regardless o f the collapse
mode. That is, the load-displacement curve o f a tube that undergoes plastic progressive

10
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buckling will be identical to the curve o f a tube that undergoes plastic global bending
collapse up until the point at which local collapse (point B in Figure 2.3) is reached.

2.3 F actors That Influence Collapse M ode

Since the energy absorption o f axially crushed square tubes depends so highly
upon the collapse mode, the conditions governing the mode in which a tube will collapse
are very important in this research. Abramowicz and Jones [7] have studied the role that
material and geometric parameters of mild steel square tubes play in determining whether
a tube will collapse in the global bending mode or in the progressive buckling mode. The
tubes considered in reference [7] do not have geometric discontinuities. Tubes with a
wide range o f lengths, widths, and wall thickness were quasi-statically crashed in order to
determine their collapse modes.
The experimental results are summarized in Figure 2.6 in terms o f the
dimensionless parameters L/C and C/t, where L is the length o f the tube, C is the width o f
the sides, and t is the wall thickness. The solid line in the figure approximately separates
the experimentally determined progressive buckling and global bending regions (i.e.
regions above the line represent geometries o f tubes that collapse in the global bending
mode and regions below the line represent geometries o f tubes that collapse in the
progressive buckling mode).
A similar experimental program is conducted for circular tubes made o f mild
steel. The authors o f reference [7] note that another researcher has performed a similar
study with aluminum circular tubes and found significantly different transition limits
between global bending regions and progressive collapse regions.

It is also noted in

reference [7] that the disparity may be due to the different strain-hardening effects of
aluminum compared to mild steel and more experiments should be completed to clarify
the differences in the response o f aluminum and steel tubes.

11
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Bending

U

Progressive folding
C/t
Figure 2.5. Experimental results from Jones and Abramowicz [7], L/C is plotted versus
C/t, where L is tube length, C is tube width, and t is tube thickness. Circular marks
represent tube geometries that failed in the global bending mode and square marks
represent tubes that failed in the progressive buckling mode. The solid line represents the
transition region between the region o f progressive folding and the region o f global
bending.

It is also noted in reference [7] that an accurate description o f the transition
process is difficult since it requires a detailed knowledge on the formation o f a plastic
mechanism as well as a precise distribution o f the stresses in a column cross section.
Although a complete solution to this problem is not available, a simplified model o f a
collapsing column is used to develop the following theoretical relation for the transition
boundary between the global bending mode and the progressive collapse mode for plastic
buckling of square tubes as a function o f C/t:

(L
=

,C )

{IX )

2-

1 2.88

C

-
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Equation (2.2) is plotted in Figure 2.6 along with equation (2.3), which is an
empirical equation describing the transition boundary between the global bending mode
and the progressive collapse mode for plastic buckling o f square tubes as a function o f
C/t. Equation (2.3) was found using a curve fit based on the results shown in Figure 2.5.

(2.3)

= 2.482 •exp 0.0409

Langseth and Hanssen [8], who have done extensive research on the axial
crushing o f aluminum extrusions, suggest a critical length to width ratio o f 3 for a stable
(progressive buckling) collapse mode. For small width-to-thickness ratios, this value is in
reasonable agreement with the experimental and theoretical results illustrated in Figure 2.6.

Experim cni eq (3)
Theory eq. (2)
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Figure 2.6. Empiricai and theoretical transition lines found by Abramowicz et al. [7].

2.4 Crush Initiators

One method commonly used to enhance the performance o f energy absorbing
structures is through the use o f crush initiators. Crush initiators are stress concentrations
intentionally introduced into structural members in order to trigger their collapse. These
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stress concentrations have the effect o f reducing the peak buckling load as well as
controlling the collapse mode o f an energy absorbing structure.
One method o f using crash initiators to enhance the performance o f an energy
absorbing structure is to introduce a weak spot in the material by localized heat-treating
at the section where the first lobe is expected to form [9]. A more common method is
through the use o f a geometric discontinuity located somewhere along the length o f the
absorber. This discontinuity usually takes the form o f a hole or notch, and when applied
to an axially loaded square tube, is usually located at the comers o f the tube.

Many

researchers have used this method and it is a common technique used by automotive
crashworthiness engineers.

Figure 2.7. Initiator geometry configurations studied by Krauss [10].

Krauss and Laananen [10] studied the effect o f geometric discontinuities on
reducing peak buckling loads and promoting a stable collapse mode. These researchers
introduced circular and diamond shaped holes and cross-sectional beads in square steel
tubes subjected to dynamic axial loading.

The geometry and material o f the tubes

considered by Krauss were such that the tubes buckled elastically. The geometry o f the
initiators is illustrated in Figure 2.7. A parametric study was conducted on the effect o f
crash initiator geometry and size on the peak buckling load and mean crushing load
supported by the tube.

Experimental dynamic crush tests as well as numerical

simulations were used to obtain the results.

In order to nomiaiize the size o f each

initiator used, the size was based on the reduced cross-sectional area at the initiator
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location. Area reduction geometries o f 5, 10 and 15% were studied for each initiator
geometry.

Baseline
5 % Hole
10% Hole
15 % Hole

u
u
o

fa

«o

$0

m

Deflection (mm)
Figure 2.8. Numerically calculated force versus deflection curves for specimens with
each size o f circular crush initiator studied by Krauss [10].

Krauss found that each type o f initiator effectively reduced the peak buckling
load, which was associated with a slight decrease in energy absorption. The load versus
displacement curve for each size o f circular hole initiator as well as the specimen with no
initiator are shown in Figure 2.8. For the circular and diamond shaped notches, the peak
buckling load decreased as the size o f the initiator increased.

However, the peak

buckling load remained relatively constant for each size o f bead initiator tested.

The

crush mode for both the tubes with diamond-shaped and circular initiators was less stable
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than for the tubes with bead initiators, while the tubes with circular initiators exhibited a
tendency toward bending.
Similar research was conducted by Abah et al. [11], who considered thin-walled
extraded aluminum tubes with circular holes placed at the comers o f the tube. Abah et
al. considered tubes with a length o f 200 mm, width o f 48 mm and a thickness o f 1 mm.
A wider range o f initiator size was considered than in research done by Krauss, with a
diameter range o f 2 mm to 12 mm.
Using axial crushing tests and FE simulations, Abah obtained similar findings to
those o f Krauss and Laananen.

The holes caused a peak buckling load decrease

proportional to increasing initiator size, while the mean crushing load remained relatively
constant. One key finding o f this research was that the peak buckling load only began to
increase for initiator sizes greater than 2 mm. This is surprising because not only do the
four 2 mm holes represent a significant reduction in the section, but they also introduce
large stress concentrations at the section at which the first fold is formed.
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Figure 2.9. Geometry and configurations o f dents considered by Lee [12],
dimensions are in millimetres.
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All

Lee et al. [12] have also studied the effect o f crash initiators on the energy
absorption, o f axially loaded square tubes.

Lee introduced rows o f grooves into

dynamically loaded aluminum tube extrusions. The energy absorption performance o f
the tubes was then evaluated by conducting quasi-static crushing tests on a 10-ton Instron
compressive testing machine using a crosshead speed o f 20 mm/min.

FE simulations

were also conducted using the FE simulation program PAM-CRASH. As with the work
done by Krauss, the tube geometries studied in this paper are such that the tubes undergo
elastic buckling.
The groove geometries considered are illustrated in Figure 2.9,

Two t>pes o f

grooves, referred to as the full dent and the half dent, were used as initiators in the study.
As illustrated in Figure 2.9, the grooves are 1mm deep and 2mm wide and extend across
either the full side width o f the tube or half the side width.

%

(e )

/;

Figure 2.10. Collapse mode shapes for the FE model simulations conducted by Lee [12].
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The coBfigiirations o f the grooves considered by Lee are also illustrated in Figure
2.9. Six dent configurations are considered, pins one baseline tube with no dents. The
dent configurations o f models B, C, E and F are based on the predicted or pre-estimated
folding sites and the dent configurations o f models D and G are spaced at even intervals
at locations that do not correspond to the natural folding sites.
A good correlation was found between the results o f the experimental tests and
numerical simulations.

As expected, the results showed that the tubes with dent

configurations corresponding to the pre-estimated folding sites collapsed in the same
mode as the baseline model (symmetric), while decreasing the peak buckling load and the
subsequent peak loads corresponding to each fold formed. However, the models with
dent locations not corresponding to pre-estimated folding sites exhibited a non-uniform
crushing mode accompanied by global bending in both the experimental testing and the
FE simulations. This is illustrated in Figure 2.10, which shows the deformed FE models
o f specimens A through D. Model A, which has no initiators, collapses in the symmetric
mode. Models B and C, which have dent locations corresponding to the predicted folding
sites, collapse in the symmetric mode. Model D, which has dent locations offset from the
predicted folding sites as shown in Figure 2.9, collapses in an asymmetric collapse mode,
which leads to global bending.
This research is important as it illustrates that the position o f crush initiators along
the length o f the tube influences crush characteristics and energy absorption. Lee found
that introducing initiators at sites not corresponding to natural folding sites not only
caused instabilities in the collapse mode, but may actually cause instabilities in a tube that
would have otherwise collapsed in a perfectly symmetric mode.

18
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Figure 2.11. Geometry o f initiators studied by Kitigawa in mild steel hat sections [13].
The use o f crush initiators in automotive side rail members has been studied by
Kitigawa, Hagiwara, and Tsuda [13] as well as Yamaguchi, Kato, and Okazaki [14], In
both o f these studies, beading was introduced in side rails at pre-estimated folding sites in
an effort to obtain a more desirable collapse mode and increase energy absorption.
Kitigawa introduced edge beads, concave beads and convex beads into the side o f a hatsection automotive side rail member as shown in Figure 2.11. The edge bead was placed
at the site o f the first fold and concave and convex beads were placed at the predicted
sites o f inward and outward folds respectively.
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Figure 2.12. Collapse modes o f automotive side rails observed in results o f FE
simulations conducted by Kitigawa et al. [13]
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Figure 2.13. Numerically calculated load versus displacement curves for automotive side
rails with and without crash initiators [13].

FE analysis was used to simulate the rail impacting a rigid wall at a velocity o f
56 km/h. Kitigawa et al. found that the initiators affected a significant improvement in
collapse mode, which caused a large increase in energy absorption. This is illustrated in
Figures 2.12 and 2.13, which show the collapsed FE models o f the side rails and the load
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versus displacement curv'e for the rails with and with out beading respectively. Similar
results were found in the research done by Yamaguchi et a!.- [14], who studied the effect
o f similar edge, concave and convex beading on side rail members w ith different
geometry.

The work done in references [13] and [14] illustrates that with a small,

inexpensive change in geometry, the collapse mode o f an automotive structural member
can be beneficially changed, having a significant positive effect on energy absorption.

2.5 T heoretical Developments on the Axial C rushing of Square Tubes

Many researchers have developed theoretical models and equations describing the
axial crushing o f square tubes. Researchers who have contributed to the theoretical area
o f this subject are Abramowicz and Jones [15], who developed a theoretical procedure for
analysing the behaviour o f tubes collapsing in each o f the four progressive collapse
modes discussed in section 2.1. The procedure for the symmetric collapse mode employs
a basic collapse element shown in Figure 2.14. The parameter H is h alf the initial length
o f the folding element, a represents the angle between the vertical axis and the walls o f
the element, and C is the mean width o f a side wall.

C/2

Figure 2.14. Collapse element model used by Abramowicz and Jones to theoretically
characterize the axial buckling o f square tubes [15].
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The symmetric crashing mode is modelled using four o f the elements shown in
Figure 2.14.

The mean crashing force for each mode was obtained by equating the

external work done by the applied force to the internal strain energy needed to forni one
complete layer o f lobes, under the assumption o f elastic/ perfectly plastic behaviour. The
mean crashing force (P,„) for the symmetric mode was found to be

P -M

-52.22

(2.4)

where

(2.5)

and do is the plastic flow stress.
Abramowicz and Jones also develop the following relation for the effective
crushing distance for one complete fold:

S, = 0.73 * 2H

(2 .6)

This equation gives the axial length o f one fold formed in a square tube undergoing the
progressive S3mimetric collapse mode.

2.5.1 Prediction of the peak plastic buckling load for sq u are tubes

The critical plastic buckling stress o f a simply supported, imperfection free
rectangular plate is governed by Sto well’s classical formula:

2

UJ

7T-E, f t ' )

n n h
3 A,
2 + 2 J - + -----P
4E,

(2.7)
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where Eg is the secant modulus, and E j is the tangent modulus, and t and b are the wall
thickness and the width, respectively, o f the plate. Li and Reid [16] found that for square
tubes with C/t ratios greater than 20, the buckling load may be predicted with an accuracy
o f 2-3%.

The application o f StowelFs equation for this problem is done under the

assumption that the side walls of the tube act as simply supported plates. In addition, the
variable b in equation (5) is defined as {C-t) when the equation is applied to square tubes.
Langseth and Hopperstad [17] developed a modification to the Stowell equation,
which takes post-buckling strength into account.

For tubes with large C/t ratios, the

collapse load is supported by two edge strips o f the side wall. The width o f the two side
strips is represented by an effective width, be in place o f the variable b in equation (5).
This method neglects the load carrying capacity o f the mid section o f the side-wall, which
is said to be ineffective as the collapse load is reached. It has been found that the side
walls o f a square tube are fully effective for X > 1.2, where 1 is a slenderness parameter
defined as:

=

K

(2,8)

1.92 »V E

for square tubes with the assumption o f simply supported side walls.

For tubes with

X > 1.2, the unmodified Stowell equation may be used to calculate the plastic buckling
load.

2.6 Q uasi-static compressive crush testing of sq u are tubes

An abundance o f research has been conducted on the energy absorption o f
structural members through experimental quasi-static axial crush testing.

Jones and

Abramowicz [18] have done extensive experimental crush testing, both quasi-static and
dynamic, on square tubes made o f mild steel.

In their static crush testing research,

Abramowicz and Jones considered tubes with a wide range o f lengths, widths and wall
thickness. Before testing the specimens, it was ensured that the end faces o f the tubes
were exactly perpendicular to the longitudinal axes o f the specimens. This is important
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because if one or both end faces are not square, a severe off-axis loading can take place
that will effect both the peak buckling load and the collapse mode o f the specimen.
The quasi-static crush tests were performed on a DARTEC 250 kN hydraulic
testing machine at a crushing rate in the range of 0.1-1.0 mm/s. The crushing load was
applied using two steel plates, a moving crosshead plate and a stationary base plate,
which were parallel with a maximum deviation o f 0.15mm over a distance o f 100mm.
The collapse modes observed in this experimental study were the global bending
mode, the progressive symmetric mode, and the progressive extensional mode. For the
specimens that collapsed in the progressive symmetric mode, the experimentally obtained
mean crush load was within 10% of the theoretically calculated value using equation (2.4).
Langseth and Hopperstad [19] conducted an experimental investigation on axially
loaded aluminum extrusions with square cross-sections. Tubes made of the aluminum
alloy (AA) 6060 with the T6 and T4 heat treatments, as well as a modified T4 heat
treatment were studied.
Figure 2.15.

The stress-strain curves for these materials are illustrated in

All tubes had a length o f 310 mm and a width o f 80 mm, while wall

thickness values o f 1.8, 2.0 and 2.5 mm v/ere considered. The tests were conducted at a
constant crosshead speed of 0.15 mm/s using a DARTEC 500 kN testing machine with an
accuracy o f ± 1% o f the applied load.

I 200

T4

e|%|
Figure 2.15. Stress versus strain curves o f extrusion materials considered by Langseth et
al. [19]
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The results found in reference [19] provide insight into to the influence o f
hardening properties and tube geometry on the mean crashing load and energy absorption
of square aluminum tube extrusions subjected to axial crashing. Each tube collapsed in
the symmetric mode regardless o f heat treatment or wall thickness. However, the number
of lobes formed was found to be dependant solely on heat treatment.

Six lobes were

formed in the tubes with T4 heat treatment, between 6 and 7 were formed in the tubes
with the modified T4 treatment, and 7 were formed in the tubes with the T6 heat
treatment.
As expected, the mean crushing load and energy absorption were higher for the
tubes with the T6 heat treatment than for the tubes with the T4 heat treatment, due to the
differences in }deld strength o f the materials. However, the ratio o f the m ean load o f the
tubes treated with the T6 heat treatment to that of the tubes treated with the T4 heat
treatment decreased with increasing wall thickness. Langseth and Hopperstad attribute
this to the difference in hardening properties between the two heat treatment conditions.
Increasing the wall thickness causes an increase in strains jdelding a significant increase
in plastic flow stress for the T4 condition. Due to the lower hardening modulus for the
T6 condition, no flow stress increase occurs for the tubes with the T6 heat treatment
condition.
A good correlation was found between the experimental results obtained in
reference [19] and the theory.

Since the tubes incurred plastic buckling, the peak

buckling loads were compared with theoretical values calculated using the Stowell
equation (5).

The peak buckling loads were within 5 % o f theoretical buckling loads

calculated using equation (5). Furthermore, it was found that the mean crushing force
could be predicted to within 10% o f the experimentally obtained values using equation
(2). This was calculated by taking the plastic flow stress, rx., as the mean value between
the 0.2 % offset stress and the ultimate stress.
Kim, Lee, and Rhee [20] performed another experimental investigation into the
crash behaviour o f square aluminum extruded tubes using a slightly different testing
method than was used in [18] and [19]. A servo-hydraulic compressive testing machine
was used that had the capability to perform crush tests at a variety o f crashing rates up to
1900 mm/s. The machine consists o f two dyes; the stationary lower dye and the upper
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dye, which has a stroke o f 100 mm. The lower dye is equipped with a load cell and the
upper dye is equipped with a linear variable differential transformer (LVDT). In these
tests, aluminum plates were welded to the ends o f the tubes in order to provide uniform
loading. One o f the variables considered in this research was the crushing speed. It was
found that, although the formation behaviour o f the plastic folds changed according to
crushing rate, the energy absorption stayed relatively constant.

2.7 Finite Elem ent Modeling of the Axial Crushing of Square Tubes

As discussed in chapter 1, FE modelling has become a major tool used by
engineers and researchers in designing structures for crashworthiness and energy
absorption [21, 22, 23]. Since axial tube crushing involves large plastic deformations and
is dynamic and non-linear in nature, it is necessary to use non-linear, dynamic FE solvers
such as LS-DYNA [24] to analyse the problem.

This section will briefly outline the

methods used by some researchers in the area o f modelling the axial crushing o f
structural members.
Yamazaki and Han [25] used FE analysis to study the dynamic axial crushing o f
square tubes using LS-DYNA software. Four tube geometries, all with a constant mass
o f 0.53 kg are considered in the study. In order to provide enough kinetic energy to crush
the tube, a concentrated mass that is equal to 500 times the mass o f the tubes is attached
to the non-impacted end of the tube model. The tube model is impacted into a rigid wall,
which is defined in a plane orthogonal to the axial direction o f the tube, at an initial
velocity o f 10 m/s. Three of the tubes are discretized using 4-node shell elements and
one tube, whose wail thickness is relatively thick {C/t=5), is discretized using 8-node
brick elements. The materia! model used by Yamazaki and Han employs the von Mises
yield criterion and assumes bi-linear stress-strain characteristics; failure was not modeled.
Yamazaki and Han added artificial initial imperfections to the tube model
discretizations by moving one node out o f its side-wall plane by a magnitude o f 1% o f the
wall thickness. This is necessary when modelling tubes with no geometrical or material
crash initiators because the peak buckling load o f an axially-loaded square tube depends
on initial-imperfections, in either geometry or material, in the walls o f the tube. When
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the tube is modeled with no geometric imperfections, the peak buckling load will be
artificially high.
The collapse modes observed in reference [25] are in agreement with the
theoretical and empirical predictions o f reference [7] for progressive buckling and global
bending discussed in section 2.3. Han and Yamazaki [26] expanded on this study by
considering square extrusions with axial “stiffeners”, which are strips added to each side
wall in the direction orthogonal to the side wall. The modelling techniques used in [26]
were similar to those used in [25].
Sheh, Reid, Lesh, and Cheva [27] conducted a study comparing the suitability o f
using FE analysis and lumped parameter analysis in studying the problem o f a fiill
vehicle frontal impact. As part o f the study, a mesh sensitivity analysis was conducted on
a FE model o f a square tube made from mild steel. Three models were constructed with
various mesh arrangements using shell elements. One model had a uniform mesh o f 10 mm
by 10 mm throughout the tube w hile the other two m odels were m eshed partly w ith
10 mm by 10 mm elements and partly with 10 mm x 15 mm elements. All three models
featured identical boundary constraints and initial conditions with the only difference
being the mesh density and arrangement.
Although the results o f the simulations showed that the energy absorption was
very similar for each model, the collapse modes were very different between the three
models. This study illustrates the importance o f using an appropriate mesh density for
modeling the axial crushing o f square tubes using the FE method.
Langseth and Hopperstad and Berstad have done extensive research on the FE
modeling o f the axial collapse o f extruded aluminum tubes.

In reference [28] the

experimental tests o f reference [19] were used to validate numerical models simulated
using LS-DYhJA.
A materia! model developed by Berstad, Hopperstad, and Langseth [29] was
applied to the tube models (material 103 in LS-DYNA).

This material model uses

isotropic elasticity, the von-Mises yield criterion and non-linear isotropic hardening. The
model does not include failure. The hardening o f the materia! at strains beyond those
where diffuse necking takes place is extrapolated using an equation based on the stress
strain data used as input. Tensile tests were conducted on specimens extracted parallel to
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the extrusion direction in order to obtain yield and strain-hardening properties needed for
the model input.
Since the symmetric collapse mode was observed in experimental testing, only
one quarter o f the tube was modeled in order to save computation time. The tubes were
modeled using Belytschko-Lin-Tsay shell elements, while the load was applied by
modelling a rigid block composed o f brick elements at the top end o f the specimen. The
nodes on the bottom end o f the specimen were constrained in all degrees o f freedom.
Contact was modelled between the rigid block and the specimens using a nodesto-surface contact algorithm.

A single surface algorithm was also applied to the

specimen model to account for contact between the lobes during collapse.

A mesh

sensitivity analysis was conducted in order to determine the proper element size to use for
the specimens and an element size o f 3 mm by 3 mm was found to be sufficiently fine.
As in reference [25], Langseth et al. m odelled a trigger by displacing a group o f nodes
2 mm out o f the plane of the side wall.
The results o f the simulations o f these models correlated well with the
experimental results o f reference [19]. As with the experimental results, the numerical
results showed that six lobes were formed in the model with the T4 heat treatment while
seven lobes were formed in the model with the T6 heat treatment.

Furthermore, the

numerically calculated peak buckling and mean crushing loads were found to be within
10% o f their experimentally obtained counterparts.
In another study, Hanssen, Hopperstad, Langseth and Ilstad [30] validated
material models for aluminum foams and extrusions for creating FE models o f foamfilled extrusions. The capability of foam-filled extrusions as energy absorbing devices is
investigated because o f the beneficial enhancement provided by the interaction between
the extrusion and the foam.

The energy ■absorption o f axially loaded foam-filled

aluminum extrusions has been shown to be greater than the energy absorption o f the
extrusion and foam combined when crushed separately. Hanssen et al. found that, during
axial crushing of foam filled extrusions, ductile failure takes place in the extrusions.
In order to take into account the ductile failure o f the extrusions, material model
104 in LS-DYNA was used.

This model incorporates damage mechanics to model

ductile failure. When used for simulating the axial crushing o f foam-filled extrusions,
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Hannsen et al. found that the model effectively predicted the rapture o f the extrusion, but
contributed to an under prediction o f the mean crushing load.
This material model, as well as the damage mechanics theory used in its
development and the calibration process used in [30] is discussed in more detail in
chapter 7.

■
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3. FO C U S O F RESEA RC H

The research documented in this thesis is focused on improving the energy
absorption o f structural members made from extruded aluminum tubing w ith a square
cross section. Under compressive axial loading, the structures under consideration have
L i e and Cit ratios that result in a predicted global bending collapse, according to
theoretical and empirical equations (2.2) and (2.3). In order to change the collapse mode
o f the structures tfom global bending to a mode that promotes greater energy absorption,
the following steps were taken;
1. Centrally located circular holes were placed at two opposite side wails at the
midpoint o f the structures. It was expected that these circular hole discontinuities
would act as crush initiators and have the effect o f decreasing the peak buckling
load and increasing energy absorption.
2. The effect o f geometry on the energy absorption o f the structures was studied by
fabricating extrusion specimens with varying wall thickness, circular hole
discontinuity size and axial length.

Experimental quasi-static crush tests were

conducted on these specimens in order to evaluate their energy absorption
capabilities.
3. The effect o f material properties was examined by fabricating the experimental
absorber specimens using three different extrusion materials with varying yield
strengths and hardening properties.
4. FE models o f the energy absorbing structures were developed and validated using
the results o f the experimental testing.
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4. EX PER IM EN TA L TESTING METHOD

The experimental testing involved in this research included the quasi-static
crushing o f square aluminum extruded tube specimens as well as tensile testing o f dogbone shaped specimens extracted from the extrusion stock material.

The material

properties obtained from the results o f the tensile testing were used for analysis o f the
experimental results, theoretical calculations, and the development o f material models to
be used for FE modeling. The three materials under consideration are aluminum alloys
AA6061-T4, AA6061-T6 and AA6063-T5.

4.1. Aluminum extruded tubes

The tube extrusion stock used to fabricate the tube specimens as well as the
tensile testing specimens was purchased from a supplier in 6 m lengths. The extrusion
process involves forcing material through a die to create a product with a constant crosssection.

The process is usually only used to produce products with a uniform wall

thickness tliroughout the cross-section, as is the case with the tube products used in this
research [31],
Extruded tubing made from AA6061 and heat treated in the T4 condition was not
readily available.

For this reason, the AA6061-T4 tensile specimens and extrusion

absorber specimens were first fabricated from the AA6061-T6 extrusion stock, then
solution heat treated to the T4 condition. This process is further explained in section
4.2.2.

4.2 Tensile testing
Variability in the manufacturing and material handling processes o f extruded
aluminum tubes causes inconsistencies in material properties, tube geometry, and overall
quality. Therefore, in order to obtain accurate materia! information, tensile tests were
performed using specimens extracted from the same extruded tube stock used to create
the structural specimens.
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4.2,1 Preparation of tensile specimens

The tensile test specimens were prepared in accordance with ASTM Standard
E8M [32], which details procedures for tension testing o f metallic materials with flat,
rectangular geometry. Thirty-two tension test specimens were machined out o f the sides
o f the same extrusion stock lengths from which the absorber specimens were cut, as
illustrated in Figure 4.1.

Sixteen specimens were extracted from AA6061 extrusion

lengths with a T6 heat treatment, eight o f which were then given the T4 heat treatment.
Eight specimens each were extracted from AA6063-T5 extrusion stock w ith a 3.15 mm
wall thickness and AA6063-T5 extrusion stock with a 2.38 mm Avail thickness. For each
extrusion material, the specimens were extracted from all four sides o f the extrusion
stock.

The tensile specimen geometry, as specified in reference [32] is illustrated in

Figure 4.2 and detailed in Table 4.1.

Extrusion
Stock

Tensile —
Specimen

Figure 4.1. Tensile specimen extraction from aluminum extrusion stock.
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Figure 4.2. Geometry for tensile test specimens specified by ASTM Standard E8M [32].

Table 4.1. Nominal geometry o f tensile test specimens [32].
Dimension in Figure 4.1.
Nominal Magnitude (mm)
G- Gauge length
50.0 ± 0.1
W- Width
12.5 ± 0.2
R- Radius o f fillet
12.5
L- Overall length
200
A- Length o f reduced section
57
B- Length o f grip section
50
C- Width o f grip section
20
4.2.2 Heat treatin g of tensile test specimens

As mentioned above, it was necessary to heat treat half o f the AA6061-T6 tensile
and extrusion absorber specimens to the T4 condition. The heat treatment was conducted
at the University o f Windsor. The specimens were treated according to specifications
outlined in the ASM handbook [33] and information provided in consultation with Alcan
Aluminum [34],
The specimens were placed in the oven at a temperature o f 530° C for one hour.
The specimens were stacked in two piles o f four on strips o f refractory material. At the
end o f the heating period, the specimens were then removed from the oven using steel
tongs and immediately quenched in water at room temperature.
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4.2,3 Tensile testing procedure

The tensile tests were performed according to ASTM, standard E8M and on an
Instron tensile testing machine equipped with a 100 kN load cell. The elongation in the
specimen was measured using an extensometer with a gauge length o f 25.4 mm. Data
from the load cell and extensometer was acquired using a personal computer. Load and
extension measurements were recorded at a sampling rate o f 5 Hz. Figure 4.3 illustrates
the tensile testing machine.
The tests were conducted using a constant crosshead speed o f 5 mm/min. The
tensile machine was equipped with wedge-type grips, which secured the specimen in the
machine. The extensometer was fastened to the specimen in the centre region o f the
gauge length using elastic bands.

The specimen, wedge grips and extensometer

arrangement is illustrated in Figure 4.4.

mm
..

,

..........

I
Figure 4.3. Instron machine and PC used to conduct tensile tests.
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Figure 4.4. Tensile test specimen, wedge grips and extensometer.

4.3 Q uasi-static axial crush testing

Sixty-eight quasi-static axial crush tests were performed to evaluate the effect o f
varying geometry and materia! conditions on the energy absorption abilities o f aluminum
extrusion structures.

It is acceptable practice to evaluate energy absorbing structures

quasi-statically because many dynamic impact events that energy absorbing structures are
subjected to occur at velocities that may be considered quasi-static.

It is generally

accepted, and noted in reference [30] that djmamic loads applied at velocities in the order
o f 10 m/s or lower may be considered quasi-static. Furthermore, the strain rate effects
may be neglected since aluminum alloys are considered nearly strain rate insensitive [28].

4.3.1 P reparation of Extrusion A b so rb er Specimens fo r Axial Crush Tests

The geometry o f the extrusion absorber specimens tested is illustrated in Figure
4.5 and detailed in Tables 4.2, 4.3 and 4.4 for the absorbers made from AA6061-T4,
AA6061-T6, and AA6063-T5, respectively. Four or five specimens were fabricated for
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each material/geometry configuration considered. Specimens o f common material and
geometry are labeled as groups in Tables 4.2, 4.3, and 4.4 and will be referred to by
group letter. Figure 4.6 shows one specimen from each o f the AA6061-T4 groups (A
through E).

All specimens had a nominal side width (C) o f 38.1 mm.

As noted in

chapter 3, the geometry was selected based on the results obtained by Abramawicz and
Jones [7] and Langseth and Haimsen [8] that indicate the critical geometry dictating
whether a tube will collapse in the progressive buckling mode or in the global bending
mode. Circular holes of differing diameter were then added to some extrusion specimens
in order to study the effect on the energy absorption o f the extrusion specimen.
The extrusions were generally available in lengths o f 6m from the low volume
suppliers, but were cut to more manageable lengths for shipping. They were purchased in
lengths o f 210 mm and 310 mm in order to fabricate 200 mm and 300 mm long extrusion
absorber specimens.

The stock lengths were cut down to the appropriate specimen

lengths, making sure that the end faces were perpendicular to the axial direction o f the
absorber (i.e., that the specimens were square).

Centrally located circular holes with

diameters o f 14.2 mm and 7.1 mm were then drilled in selected specimens as detailed in
Tables 4.2 through 4.4. A slight fillet was machined at the interface o f the outer tube
sidewall and the inner surface o f the hole in order to eliminate burring from the drilling
process.
As with the tensile specimens, half o f the extrusion absorber specimens made
from AA6061-T6 were heat treated to the T4 condition as outlined in section 4.2.2. Five
specimens were treated at a time, forming one stack o f two specimens and 1 stack o f 3
specimens in the oven.
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Figure 4.5. Geometry o f extrasion absorber specimens under consideration in the
experimental crush testing program. L is the absorber length, D is the diameter o f the
hole, C is the width o f the sidewalls and t is the nominal wall thickness o f the specimen.

Table 4.2. Specimen geometry for AA6061-T4 specimens (a!! dimensions are in mm).
Group
A
B
C
D
E

Specimen #
1-5
6-0
11-14
15-19
20-24

Length {L)
200
200
200
300
300

Wall Thickness {i)
3.15
3.15
3.15
3.15
3.15

Hole Diameter (D)
No hole
14.2
7.1
No hole
14.2

Table 4.3. Specimen geometry for AA6061-T6 specimens (all dimensions are in mm).
Group
F
G
H
I
J

Specimen #
25-29
30-34
35-38
39-43
44-48

Length (L)
200
200
200
300
300

Wall Thickness (/)
3.15
3.15
3.15
3.15
3.15

Hole Diameter (D)
No hole
14.2
7.1
No hole
14.2
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Table 4.4. Specimen geometry for AA6063-T5 specimens (all dimensions are in mm).
Group
K
L
M
N
0
P
Q
R

Specimen #
49-53
54-58
59-62
63-68
69-73
74-78
79-83
84-88

Length (L)
200
200
200
300
300
200
200
200

Wall Thickness (i)
3.15
3.15
3.15
3.15
3.15
2.381
2.381
2.381

Hole Diameter (D)
No hole
14.2
7.1
No hole
14.2
No hole
14.2
7.1

Mmmmm

Figure 4.6. One specimen from each Group o f the AA6061-T4 absorber specimens.

43.2 Q uasi-static crush testing m ethod
The compressive testing was performed using a hydraulic Tinius Olsen
compression testing machine, which is shown in Figure 4.7.

The load cell used to

calculate the compressive load supported by the specimen has a range o f 150 kN.
Displacement was measured using a linear voltage differential transformer (LVDT) with
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a range o f 150 mm. A persona! computer equipped with data acquisitioB software was
used to record the measurements from the load cel! and the LVDT at a sampling rate o f
10 Hz. In total. 68 specimens were tested, leaving 18 specimens, 1 from each specimen
Group, uncrushed for presentation purposes.

Figure 4.7. Tinius Olsen crash testing machine.
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5. ENERGY A B SO R PTIO N O F STRU CTU RES

The energy absorbed by a structural specimen is determined experimentally as the
work done by the cnishing force and is calculated using equation (5.1). In this equation,
P is the crushing force in the axial direction and 5 is the crosshead displacement in the
axial direction. This quantity is represented as the area under the axial force versus axial
displacement curve. In order to calculate the energy absorbed based on the experimental
data, numerical integration was employed using a rectangular rule as presented in
equation (5.2).

(5.1)
V -2

(5.2)

i=2

\

^

)

Many researchers have developed measures and parameters for the evaluation o f
energy absorbing structures for crashworthiness. In order to define some o f the important
crashworthiness performance measures, the force versus displacement curve for specimen
T4-2 is shown in Figure 5.1. This specimen collapsed in the symmetric mode. Shown on
the plot are loads that were used by Magee and Thornton [35] to define several efficiency
parameters that characterize the energy absorption o f axially loaded square tubes that
collapse in the symmetric mode.

The mean crushing load, Pm, is defined in equation

(5.3), where «§ is the total crushing distance experienced by the specimen.

is

determined from the experimental data by dividing equation (5.2) by 5,.

(5.3)

The mean value of the maximum loads during crushing is Pu and the mean value
of the minimum loads during crushing is

Pj_.

Pm ax

is the maximum load observed

throughout the crushing process. The peak at the end o f the curve in Figure 5.1 is due to
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a bottoming out o f the folds o f the specimen and is not included in the calculation o f P v
or P m a x -

max

Q)
o

0

100

50

150

C rosshead Displacement (mm)

Figure 5.1. Force versus displacement curve for specimen T4-2.

In order to compare the performance o f energy absorbers o f different shapes,
sizes, and strengths, dimensionless collapse parameters are often used. Three of these
parameters are defined in reference [36]. The geometric efficiency, ec, is a measure of
how v/ell the absorber compresses, and is given in equation (5.4) as the ratio o f the total
crosshead displacement, 4, to the original length, 4.

(5.4)

=

The second collapse efficiency parameter is the crush force efficiency, or load
efficiency, ei, which is given in equation (5.5). The crush force efficiency is a measure
of the load fluctuations that occur during the crashing o f a structure. Although Thornton
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and Magee use P u to calculate this value, the calculations done in this research will be
done using

P m ax-

This alteration is made because some o f the collapse modes observed

in the experimental crash testing did not feature folding. As a result, the load versus
displacement curves o f these specimens did not feature the local maxima with which P y
is calculated. In order to compare the performance o f all absorbers in a similar fashion,
the value P m a x is used in equation (5.5).

e ,= -^

(5.5)

“m ax

One o f the more comprehensive collapse efficiency parameters is the energy
efficiency, eg, which is a measure o f the energy absorbed compared to the theoretical
maximum energy that can be absorbed. This is defined in equation (5.6), where Eabsorbed
is the energy absorbed by the specimen.

e =

(5.6)

The specific energy absorption (SEA) o f a structure is the energy absorbed by a
structure divided by its mass as illustrated in equation (5.7), where m is the mass o f the
absorber.

This is a useful parameter that provides a method for comparing energy

absorbing structures with different masses.

SEA =

E

(5.7)

m
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6. EXPERIMENTAL RESU LTS AND DISCUSSION

The results o f the experiments conducted in this research are presented in this
chapter in four sections. The first section details the results o f the tensile tests that were
conducted to obtain material properties for the aluminum extrusions. The second section
details the results o f the quasi-static crush testing o f the extrusion specimens. The third
section compares the results o f the crash test between specimen groups and the fourth
section compares the experimental results to the results o f theoretical predictions.

6.1, Tensile testing results

Although at least six tests were performed for each o f the four extrusion types,
only the results o f one representative test from each type were used for analysis and
materia! modeling.

The engineering stress versus engineering strain curves for one

specimen from each extrusion type considered are illustrated in Figure 6.1. These curves
illustrate the significant differences in yield point and hardening properties between each
o f the materials considered.

Ui
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Figure 6.1. The engineering stress versus engineering strain curves produced tfom tensile
test specimens extracted from the AA6061-T4, AA6061-T6 and AA6063-T5 thin walled
and thick wailed extruded tube stock.
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In order to analyze the material properties o f each extrusion materiah the
engineering stress versus strain data was converted into true stress versus true strain data.
The true stress (oj) was found using equation (6.1) where de is the engineering stress and
£e is the engineering strain. The true strain (f,) was found using equation (6.2).

<T, =<T,(l + f J

(6.1)

= ln (l + e j

(6.2)

The engineering stress versus engineering strain curves and true stress versus true
strain curves for the four extrusion types under consideration are shown in Figures 6.2
through 6.5.

Also illustrated on the curves are Et and Eg, which are needed in the

theoretical calculation of the peak buckling load using equation (2.7). These values were
calculated such that each tangent line intersected the true stress versus true strain curve at
the plastic flow stress ((Jo). As in reference [19] do was taken as the m ean value o f the
yield stress (c^) and the ultimate stress (<j„), as shown in equation (6.3). The tensile test
results for each extrusion material are summarized in table 6.1.

+ cr„

(6.3)

In order to further characterize the hardening properties o f each extrusion
material, additional parameters were calculated.
curve {ddde} just after

The slope o f the stress versus strain

and prior to <7u is given in Table 6.2 along with the

corresponding values of e at which the slopes were evaluated. In order to ascertain the
hardening capacity o f each material relative to its yield stress, the hardening parameter
{HP) is defined in equation 6.4. The values o f HP for each material are listed in Table 6.1.

HP = 5 l _ 5 l

(6.4)
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Table 6,1. Material properties from extrusion tensile tests.
AA606I-T4
65.3
116.2
310.0
211.9
22.4
1350.0
4469.4
1.67

E (GPa)
CJv(MPa)
Ou (MPa)
Oo (MPa)
% Elongation
Et (MPa)
A, (MPa)
HP

AA6061-T6
68.1
271.5
358.8
315.3
15.1
747.0
9354.6
0.32

AA6063-T5
(thick-walled)
67.7
194.1
256.5
225.8
12.9
709.3
9649.6
0.32

AA6063-T5
(thin-wailed)
71.4
195.5
275.5
236.0
15.4
654.3
6204.3
0.41

Table 6.2. Slope range o f true stress versus true strain curves o f extrusion materials.
Material
£
d d d e (M Pa)
AA6061-T4
0.01
2010
0.16
379
AA6061-T6
0.01
804
0.10
355
AA6063-T5
0.01
836
(thick wall)
0.09
327
0.01
AA6063-T5
603
(thin wall)
0.05
315

400

300
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200
m
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0.00

0.05

0.10

0.15

0.20

0.25

0.30

strain (mm/mm)
■eng. stress versus eng. strain

■
— true stress versus true strain

Figure 6.2. The engineering stress versus engineering strain and true stress versus trae
strain curves for the AA6061-T4 extrusion material.
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Figure 6.3. The engineering stress versus engineering strain curve and trae stress versus
trae strain curves for the AA6061-T6 extrusion material.
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Figure 6.4. The engineering stress versus engineering strain curve and true stress versus
true strain curve for the AA6063-T5 thick walled extrusion material.
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Figure 6.5. The engineering stress versus engineering strain curve and trae stress versus
true strain curve for the AA6063-T5 thin walled extrasion material.

6.2 Q uasi-static crush testing results and discussion

The results o f the quasi-static crush testing experiments are presented in this
section. The results are presented in the form o f load versus displacement curves and
collapse modes for each specimen group. For most specimen groups, the results for each
specimen are fairly uniform. For this reason, and for greater clarity, only the load versus
displacement curve for one specimen from each o f these groups is shown. The curves for
each test specimen are displayed in Appendix A. Each different collapse mode that was
observed during crash testing is characterized through photos o f the experimental crush
testing process.

These photos are related to features on the load versus displacement

curve for a specimen in which the mode occurs.
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6.2.1 Crush test results for the AA6061-T4 extrusion absorbers
6.2.1.1 C ru sh test results for spedm en G roup A
The force versus displacement curves for the specimens o f G roup A are shown in
Figure 6.6. It is evident from the curves that the crash test results w ere highly variable
for these specimens. Photographs taken after crash testing illustrate the crash modes for
each specimen in Figure 6.7. It is possible that the inconsistency in collapse mode was
due to the variability in the T4 heat treating process, particularly the quenching process.
As shown in Figure 6.7, specimen T4-1 was the only absorber to crash in the
global bending mode. This resulted in a force versus displacement curve characterized
by smaller loads being supported at displacements beyond the peak buckling load.
Specimen T4-2 collapsed in the progressive-symmetric mode, which is characterized by a
sustained crushing force following the peak buckling load, as discussed in section 2.1.
This sustained crashing force is the result o f plastic deformation that occurs during the
formation o f lobes. This collapse mode will be referred to as the PI mode. Specimen T4-3
collapsed in the progressive-asymmetric mode as shown by the non-uniform folding
pattern

in

Figure

6.7.

Finally,

specimen

T4-4

initially

collapsed

progressive/asymmetric mode, which lead to a severe global bending.

in

the

This caused an

off-axis loading and caused the compressive testing machine to shut down after
approximately 70 mm o f crosshead displacement.
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Figure 6.6. Experimentally obtained load versus displacement curves for the Group A
specimens (AA6061-T4, L = 200 mm, no circular hole discontinuity, t = 3.15 mm).

Figure 6.7. Group A specimens T4-1 through T4-4 shown after crush testing. Specimen
T4-5 was left uncrushed for presentation purposes.

6.2.1.2. C rush test results for specim en G ro u p B

The collapse mode and load versus displacement curves o f Group B specimens
T4-6 through T4-9 were very similar. This uniformity in collapse mode is apparently due
to a stabilizing effect caused by the circular hole discontinuity. For greater clarity, only
the curve for specimen T4-9 is shown in Figure 6.9. In order to illustrate the collapse
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mode and how it relates to the force versus displacement curve, photographs taken
progressively as the specimen was crushed are shown in Figure 6.10.
The collapse mode o f the Group B specimens was similar to the progressive
symmetric buckling mode undergone in specimen T4-2 (PI).

However, due to the

circular hole discontinuity, there were differences between the plastic buckling process o f
the Group B specimens, and the process o f mode PI described in section 2.2 for a square
tube with no intentional discontinuities. The main difference was that the first fold was
formed at the centre o f the tube, as illustrated in Figure 6.10.

The collapse mode

observed for the Group B specimens will be referred to as PIT
It appears from Figure 6.9 that a region similar to the uniform elastic compression
region discussed in section 2.2 exists for specimen T4-9 as well. Although there is a
linear region at the beginning o f the load versus displacement curve, the state o f elastic
stress will not be uniform throughout the specimen due to the stress concentration caused
by the circular hole discontinuity.

The uniform plastic compression region (point A

through point E in figure 2.3) also does not appear to exist for specimen T4-9. Instead,
localized plastic deformation was observed in the region o f the specimen surrounding the
hole corresponding to the part o f the curve in Figure 6.9 in which points (a) and (b) lie.
This was accompanied by the two side walls o f the tube without holes deflecting outward
at the cross-section o f the hole.

Photographs taken o f specimen T4-8 during crush

testing, shown in Figure 6.11, illustrate this deformation.
At point (c) in Figure 9-2 the peak buckling load was reached. At this point the
hole was elliptical in shape and the sides were significantly deflected outward. After this
point, the hole began to close further, and went on to completely collapse while the
adjacent sidewalls continued to deflect outward. A rapid decrease in load was observed
until a complete fold was formed at point (d).
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Figure 6.9. Experimentally obtained load versus displacement curve for specimen T4-9
(Group B: AA6061-T4, E=200 mm, D=14.2 mm, /=3.15 mm).

1’

(e)

(f)

(g)

(h)

Figure 6.10. Photographs illustrating the crushing process for specimen T4-9 (Group B).
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(a)

(b)

(c)

(d)

Figure 6.11. Plastic deformatioo o f circular hole region for specimen T4-8 (Group B).

As the fold bottoms out, the load increases until the next peak on the curve, which
represents the initiation of the second fold. The process of loading to the initiation of
folds and unloading to the completion, or bottoming out, of folds continues until crashing
ceases. Mahmood and Paluzsny [36], who characterized the symmetric buckling process
for square tubes, refer to the peaks on the curve as crippling points and the minima on the
curve, such as point (d), as folding points.

6,2,13. C rush test results for specimen G roup C

The specimens of Group C are similar to the specimens of G roup B, but have a
smaller circular hole discontiniuty as outlined in chapter 4. The collapse process o f these
specimens was similar to the specimens with the larger hole.

The load versus

displacement curves for specimen T4-12 is shown in Figure 6.12. In order to illustrate
the local deformation in the region around the hole and the collapse mode of specimen
T4-12, photos of the specimen taken during crash testing are shown in Figure 6.13.
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Figure 6.12. Experimeatally obtained load versus displacement curve of specimen T4-12
(Group C: AA6061-T4, L = 200 mm, D = 7.1 mm, r = 3.15 mm).

(a)

(b)

(c)

(d)

Figure 6.13. Photographs illustrating the crashing process of specimen T4-12 (Group C).

6.2.1.4 Comparison of the 200mm-long AA6061-T4 specim ens

To gain an understanding of the effect of adding the large and small hole
discontinuities, it is reasonable to compare the load versus displacement curves of the
Group B and Group C specimens to that of Group A specimen T4-2, since the collapse
modes are similar. Therefore, the load versus displacement curves of the three specimens
T4-2, T4-9 and T4-12 are plotted in Figure 6.14.
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Figure 6.14. Load versus displacement curve comparison for specimens T4-2 (Group A
specimen with no hole), T4-9 (Group B specimen with large hole), and T4-12 (Group C
specimen with small hole).

It is evident from Figure 6.14 that not only does the addition of the large
centrally-located hole cause the peak buckling load for specimen T4-9 to decrease, but
the subsequent crippling peak loads as well. This may be due to an added instability
introduced in the specimen as a result of the first fold forming at the m iddle of the tube
and not at one end, as for the plastic buckling process of specimen T4-2. This effect,
however, is not present in the load versus displacement curve for specim en with the small
hole, T4-12.
As presented in chapter 2, the squash load (equation 1) and the peak buckling load
(equation 5) are proportional to the cross-sectional area o f the tube.

Although these

equations govern the behaviour only of tubes with no geometric discontinuities, the
subtraction of cross-sectional area at the centre of the structure will obviously contribute
to a decrease in peak buckling load. Furthermore, the presence o f the hole represents a
geometric stress concentration. As a load is applied to the structure, the combination of
these two additive effects will cause plastic strain to occur first at the cross-section o f the
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structure corresponding to the centre of the hole. This is obviously a different physical
process than the one described in section 2.2.1 for the plastic buckling o f square tubes
with no crush initiators.
6.2.1.5 C ru sh test results for specimen Groups D and E
The load versus displacement curves of specimen T4-15 (Group D ) and specimen
T4-21 (Group E) are shown in Figure 6.15. In order to illustrate their collapse modes,
photographs of specimens T4-15 and T4-21 taken during the crushing process are shown
in Figure 6.16.
As was expected and predicted by the results of references [7] and [8], all Group
D specimens collapsed in the global bending mode. However, unlike fo r the 200 mm
long Group B and C specimens, the addition of the hole to the 300 m m long Group E
specimens did not cause a change in collapse mode. These specimens also collapsed in
the global bending mode. The only effect caused by the hole was a decrease in the peak
buckling load.

60
45
T3

30

60

75

Cross-head Dispiacement (mm)
Specimen 14-15

Specimen T4-21

Figure 6.15. Experimentally obtained load versus displacement curves for specimen T4-15
(Group D: AA6061-T4, L = 300 mm, no discontinuity, t=3.15 mm) and specimen T4-21
(Group E: AA6061-T4, L = 300 mm, D = 14.2 mm, t = 3.15 mm).
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m
(b)

(a)

Figure 6.16. Photographs illustrating the crushing process of (a) specim en T4-15 and
(b) specimen T4-21.
6.2.2 C ru sh test results for the AA6061-T6 extrusion absorbers

6.2.2.1 C rush test results for specim en G ro u p F

The 200 mm long AA6061-T6 specimens with no hole (Group F) all collapsed in
the global bending mode and had similar load versus displacement curves. The curve for
specimen T6-28 is shown in Figure 6.17. Due to the effects of the hardening properties
{HP= 0.32) and reduced ductility associated with the T6 heat treatment, cracking
occurred at the corners of the tube at the region of the kink at the mid point o f the
absorber. This occurred in all Group F specimens.
The cracking effect is illustrated in Figure 6.18, which shows a progression of the
collapse process of specimen T6-28. As the bending of the specimen progressed, the
plastic strain at the edges of the sidewalls in the kinked region o f the tube exceeded the
failure strain of the material.

The results of the tensile tests outlined in section 6.1

indicate that the failure strain of the AA6061-T6 extrusion material is significantly below
that of the AA6061-T4 extrusion material.
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Figure 6.17. Experimentally obtained load versus displacement curve for specimen T6-28
(Group F; AA6061-T6, L = 200 mm, no discontinuity, r = 3.15 mm).

(e)

(f)

(g)

(h)

Figure 6.18. Photographs illustrating the crushing process for specimen T6-28 (Group F).
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T he point on the load versus displacement curve coinciding with th e initiation o f
cracking is indicated in Figure 6.17. The photograph in Figure 6.18 (c) w as taken ju st
■after the cracking initiated.

As illustrated in Figure 6.17, the initiation o f cracking

coincided with an increase in the negative slope o f the load versus displacem ent curve.
This was a result o f a decrease in the strength o f the middle region o f the absorber, w here
the kink was formed and cracking took place. The curve continued to decrease at this
rate until the kink bottomed out on itself as shown in Figure 6 .18 (e). T h is caused an
increase in stability and resulted in the slope o f the curve becoming horizontal until
crushing ceased.

€.2.2.2 Crush test results for specim en G ro u p G

The effect o f the circular hole discontinuity on the A A 6061-T6 extrusion
specimen can be seen in Figure 6.19, which shows the load versus displacem ent curve for
specimen T6-31 (Group G). The collapse modes o f the Group G o f specim ens were
greatly affected by tearing that occurred during crushing. This is illustrated in Figure
6.20, which illustrates the crushing process for specimen T6-31 using photographs taken
during experimental crash testing.

The points on the load versus displacem ent curve

corresponding to the instants the photos were taken are marked on the curve in Figure
6.19.
Point (a) in Figure 6.19 corresponds to the peak buckling load for specimen T6-31.
At this point in the collapse process, plastic deformation was visually observed on the
perimeter o f the circular hole discontinuity.

As the crashing process continued, the

deformation became larger and more noticeable at point (b) on the curve. A t point (c) on
the curve, the hole began to cave in, and the sidewalls adjacent to the sides w ith the holes
began to deflect outward. Until this point, the crushing process o f specim en T6-31 was
similar to the PII crushing mode o f specimen T4-9 (Group B).
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Figure 6.19. Experimentally obtained load versus displacement cur\^e for specimen T6-31
(Group G: AA6061-T6, L = 200 mm, D = 14.2 mm, t = 3.15 mm).
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Figure 6.20. Photographs illustrating the crashing process for specimen T6-31 (Group G).
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Instead o f a fold being formed at the midpoint o f the absorber, however, the
regions on either side o f the hole began to crack. This initiated a lateral shift o f the top
half o f the absorber relative to the bottom half.

As the shift began, the load versus

displacement curve flattened out, as shown in Figure 6.19 between points (d) and (e).
The load at which the curve flattened out will be referred to as the plateau load. As the
lateral shift continued, the top half o f the absorber was only supported by a small crosssection o f the bottom half. This resulted in a large stress concentration that ultimately led
to a splitting mode in which the top half o f the absorber acted as a cutter that split the
bottom h a lf This mode will be referred to as splitting mode I (SMI).
The plateau load that accompanied this splitting was relatively constant and
continued through points (f), (g), and (h), and until the crosshead displacem ent was equal
to roughly half the length o f the absorber. A t this point, the top h alf o f the absorber had
moved all the way through the bottom half, and both portions were in contact with the top
and bottom plates o f the machine. This caused the load to increase sharply until folding
and/or cracking o f the remaining absorber pieces occurred.

6.2.23 C rush test results for specimen Group H

The collapse mode o f the AA6061-T6 specimens w ith the

small hole

discontinuity (Group H) diverged significantly from the specimens discussed in the
previous sub-section. The load versus displacement curve for these specimens is shown
in Figure 6.21 and the progression o f the crashing process is illustrated in Figure 6.22.
Point (a) on the curve lies in the region o f the curve before significant yielding
has taken place and point (b) coincides with the peak buckling load and with m ajor
plastic deformation in the region surrounding the hole. Figure 6.22 (c) and (d) illustrate
some differences in the local collapse o f the circular discontinuity section between Group
H specimens and Group G specimens. The initial plastic deform ation and subsequent
collapse o f the hole discontinuity section involved more o f a folding process in Group H
specimens than in Group G specimens. This is due to the added stability provided by the
extra material at the circular hole discontinuity section in Group H specimens.
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Figure 6.21. Experimentally obtained load versus displacement curve for specimen T6-37
(Group H: AA6061-T6, L = 200 mm, D = 14.2 mm, t = 3.15 mm).

(e)

(f)

(g)

(h)

Figure 6.22. Photographs illustrating the crashing process for specimen T6-37 (Group H).
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Frathem iorej the cracking initiated at the sidewall comers in G roup H specimens
as opposed to the edge o f the discontinuity in Group G specimens. P o in t (d) in Figure
6.21 corresponds to the point just after cracking began as shown in F igure 6.22 (d). A s in
Figure 6.17, this cracking was accompanied by an increase in the n eg ativ e slope o f the
load versus displacement curve.

The path o f the curve between points (d) and (e)

represents a shift from the PII collapse mode govemed by the form ation o f symmetric
folds, to a splitting mode characterized by cracking o f the absorber at the side-wails.
Although the region o f the curve around point (e) is similar to a folding point as
described in section 6.2.1 for symmetric crashing, the cracking o f th e sidewalls at the
comers led to a transformation into a splitting collapse mode. In this splitting mode, the
top portion o f the absorber was driven down inside the bottom portion, causing the
sidewalls to split at the comers.

This is illustrated in Figure 6.22 (g) and (h).

This

collapse mode will be referred to as splitting mode II (SMII).

6.2,2.4 T u b e crush results for specim en G roups I and J

The collapse mode observed during experimental testing for the Group I
specimens was similar to the mode for the AA6061-T4 specim ens with the same
geometry (Group E). The load versus displacement curve for specim en T6-40, w hich is
representative o f the curves for specimens in Group I, is shown in Figure 6.23.
Also shown in Figure 6.23 is the load versus displacement curve for Group J
specimen T6-44. The crushing process for this specimen is illustrated in Figure 6.24.
Although the collapse mode shown here is similar to the SMI mode described in section
6.2.2.2, the length o f the tube caused instability in the splitting process.

This caused

global bending to occur about the interface o f the two halves o f the absorber, which was
initiated at point (e) in Figure 6.23 and 6.24. As illustrated in Figure 6.23, this instability
caused a sharp decrease in the load versus deflection curve. This m ode will be referred to
as splitting mode III (SMIII).
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Figure 6.23. Experimentally obtained load versus displacement curves for specimen T6-40
(Group I: AA6061-T6, L = 300 mm, no discontinmty, / = 3.15 mm) and specimen T6-44
(Group J: AA6061-T6, L = 300 mm, D = 14.2 mm, t = 3.15 mm).
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Figure 6.24. Photographs illustrating the crashing process for specimen T6-44 (Group J).
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6.23

C rash testing results for the AA6063-T5 extrusion absorbers

This section contains the load versus displacement results for the AA6063-T5
thick walled and thin walled absorber specimens (Group K through Group R). It should
be noted that due to an error on the part o f the extrasion supplier, some tubes that were
supplied as AA6063-T5 were actually made from AA6061-T6. This resulted in less than
four tests being completed for some groups o f the AA6063-T5 absorber groups and no
tests being completed for specimen Group M.
6.2.3.1 Crush test results for specim en Groups K and L
The load versus displacement curves for specimens T5-50 (Group K) and T5-56
(Group L), which are made from AA6063-T5 and are 200 mm in length, are shown in
Figure 6.25. Specimen T5-50 has no circular hole discontinuity and specimen T5-56 has
a large circular hole discontinuity.

As stated above, no results w ere obtained for the

specimens made from AA6063-T5 with small circular discontinuities (Group M).
Specimen T5-50 collapsed in the global bending mode and specimen T5-56 collapsed in
the SMI mode.

6.2.3.2 Crush test results for specimen G roups N and O
The load versus displacement curves for specimens T5-64 (Group N) and T5-69
(Group O), which are made from AA6063-T5 and are 300 mm in length, are shown in
Figure 6.26. Specimen T5-64 has no circular hole discontinuity and specimen T5-69 has
a large circular hole discontinuity. The circular hole discontinuity h ad the same effect on
the 300 mm long AA6063-T5 specimens (Group O) as it did for the 300 mm long
AA6061-T6 specimens (Group J).

The Group N specimens collapsed in the global

bending mode and the Group O specimens collapsed in the SMI m ode.
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Figure 6.25. Experimentally obtained load versus displacement curve for specimen T5-50
(Group K: AA6063-T5, L = 200 mm, no discontinuity, f = 3.15 mm) and specimen T5-56
(Group L: AA6063-T5, L - 200 mm, D = 14.2 mm, f = 3.15 mm).
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Figure 6.26. Experimentally obtained load versus displacement curve for specimen T5-64
(Group N: AA6063-T5, L = 300 mm, no discontinuity, t = 3.15 mm) and specimen T5-69
(Group 0 : AA6063-T5, L = 300 mm, D = 14.2 mm, f = 3.15 mm).
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6.2 3 3 . C rush test results for specimen Group P

The load versus displacement curve for Group P specimen T5-73, which features
a reduced wall thickness o f 2.38 mm, is shown in Figure 6.27. The Group P specimens
are 200 m m long, are made from AA6063-T5 and have no circular hole discontinuity.
The collapse mode o f these specimens is illustrated in Figure 6.28. The collapse mode
for these specimens diverged significantly from the global bending m ode observed for the
Group K specimens, which differ only in wall thickness from the Group P specimens.
As shown in Figure 6.28, the specimen initially deformed in the symmetric (PI)
mode.

After one complete symmetric lobe was formed, as shown in Figure 6.28 (b),

cracking initiated at the comers o f the sidewalls o f the specimen.

After another

symmetric lobe formed, as shown in Figure 6.28 (d), major cracking and splitting o f the
sidewalls at the comers o f the specimen occurred.

Beyond this point, the specimen

crushed in a hybrid o f the PI and SMII collapse modes. Two o f the sidewalls continued
to form symmetric lobes while the other two continued to split at the comers.

6.23.4. Crush test results for specim en G roups Q and R

The load versus displacement curves for specimen T5-78 from Group Q and
specimen T5-83 from Group R are shown in Figure 6.29.

The Group Q specimens

collapsed in the SI mode. This is the same collapse mode observed for the L specimens,
which differ from the Group Q specimens only in wall thickness.

The Group R

specimens collapsed in the same hybrid PR SMII mode in which the Group P specimens
collapsed.
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Figure 6.27. Experimentally obtained load versus displacement curve for specimen T5-75
(Group P: AA6063-T5, L - 200 mm, D = 14.2 mm, f = 3.15 mm).
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Figure 6.28. Photographs illustrating the crushing process for specimen T5-75 (Group P).
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Figure 6.29. Experimentally obtained load versus displacement curves for specimen T5-78
(Group Q: AA6063-T5, L = 200 mm, D = 14.2 mm, r = 2.38 mm) and specimen T5-83
(Group R: AA6063-T5, L = 200 mm, D = 1.1 mm, t = 2.38 mm).

6.3 Energy absorption perform ance com parison between absorber specim ens

This section compares the experimental results in terms o f the energy absorption
and crashworthiness traits of each absorber. Important energy absorption performance
measures, which are defined in chapter 5, were calculated from the experimental crush
testing data and are presented in this section.

6.3.1 Peak Buckling Load

The peak buckling load is an important measure when considering the
crashworthiness of energy absorbing structures. As discussed in chapter 1, the peak load
transmitted through an energy absorbing structure should be minimized in order to
minimize the peak deceleration occurring during quasi-static and dynamic crash
situations. The mean peak buckling loads for each specimen Group are plotted in Figure 6.30.
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Across ali extrusion materials considered, the peak buckling load was slightly
lower for the 300 mm long structures than for the 200 mm long structures. This can be
attributed to the increase in stability provided by the lower length to width ratio o f the
200 mm long absorbers. The difference in peak buckling load between the longer and
shorter structures with holes was smaller.

This indicates that the presence o f the

discontinuity diminished the effect of length on the peak buckling load for the range of
geometry considered in this study.
The reduction in peak buckling load between absorbers with and without circular
hole discontinuities was approximately proportional to the reduction in cross-sectional
area at the position of the discontinuity for each extrasion material considered. This was
not true, however, with respect to wall thickness. The reduction in wall thickness of 25%
between the thick and thin wailed AA6063-T5 tubes resulted in a reduction in peak
buckling load of approximately 18%.
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Figure 6.30. Mean peak buckling load for each specimen Group.
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6,3.2 Energy absorption

The mean energy absorption for each specimen group considered is illustrated in
Figure 6.31.

As was expected, the energy absorption was much higher for absorbers

crushed in the progressive buckling mode or in one of the splitting modes than for
absorbers that collapsed in the global bending mode.

For each material and wail-

thickness considered, energy absorption was slightly higher for the absorber with the
smaller hole than for the absorber with the larger hole. This may be attributed to the
larger area under the initial peak of the load versus displacement curve created by the
larger peak buckling loads of the absorbers with the smaller holes.
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Figure 6.31. Mean total energy absorption for each crush test specimen Group.

The differential in energy absorption between the 200 m m long and 300 mm
long absorbers was much smaller for the AA6061-T6 specimens than for the specimens
made from AA6061-T4. For both materials, all 300 mm long absorbers collapsed in the
global bending mode. When examining the load versus displacement curves for these
specimens, it is evident that the single peak of the AA6061-T4 300 mm long specimen
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(Group E, Figure 6.15) encompasses a larger crosshead displacement than the peak for
the AA6061-T6 specimen (Group J, Figure 6.23). This difference in the curve shapes
appears to be related to the differing hardening properties o f the two materials. This
extended curve shape creates a larger area beneath the curve, w hich means a greater
amount o f energy absorption relative to peak buckling load for the A A6061-T4 specimen.
For the 300 mm long AA6063-T5 thick-walled absorbers, a large gain in energy
absorption was attained through the addition o f the circular hole discontinuity.

The

splitting mode (SMI) caused an extended plateau load, which created a larger area under
the curve than for the global bending mode. For the AA6063-T5 thin walled absorbers,
the energy absorption was very similar since the collapse modes were similar for all
specimens.

6J3

M ean crushing load

The average value o f the mean crushing load, P^, for each specimen Group is
shown in Figure 6.32.

For the most part, the mean crushing load was greater for

absorbers that collapsed in the progressive buckling mode or in one o f the splitting
modes. This is due to the extended plateau load region on the load versus displacement
curve associated with the folds or lobes o f the progressive buckling mode and the
sustained cracking and splitting associated with the splitting modes.
It should be noted, however, that the mean crashing load results are slightly
deceiving. Some o f the crush tests that resulted in global bending w ere stopped at lower
crosshead displacements due to the geometric conditions o f the test. This resulted in an
artificially high mean crushing load for these specimens since only the large peak region
was captured in the load versus displacement data.
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for each crush test specimen Group.

6.3.4 Crush force efficiency and energy efficiency

The crush force efficiency, cl, provides a great deal of information about the
performance o f an energy absorbing structure.

In order to have high crush force

efficiency, an absorber must support a crushing force close to its peak buckling load for
the duration of crushing. Since the crush force efficiency is essentially calculated the
same way as the energy efficiency in this research, only the crush force efficiency is
presented here. The mean crush force efficiencies for each specimen Group are plotted in
Figure 6.33.
The AA6061-T4 200 mm long specimens had by far the largest crush force
efficiencies of all specimens tested. This is because, for this material, the crippling points
associated with the formation of lobes are close in magnitude to the peak buckling load.
This is especially true for the specimen group with the large hole (Group B) for which the
crippling point peak loads are nearly equal to the peak buckling load.
specimens are nearly ideal in terms of crush force efficiency.
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The Group B

The influence of the collapse mode and load versus displacement curves o f the
test specimens on crash force efficiency is quite apparent. This may be illustrated by
considering the 200 mm long AA6061-T6 specimen Groups F, G and H whose load
versus displacement curves and crushing modes are shown in section 6.2.2.

The

specimens of Group G, which feature large discontinuities, had lower .peak buckling
loads than the specimens of Group F giving them a lower contribution to the

P

m ax

term in

equation (5.5). Furthermore, the sustained plateau load associated with the splitting o f
mode SMI illustrated in Figure 6.19 resulted in a larger

term in equation (5.5). The

elevated load occurring after the bottoming out period near the end o f the test also raised
the mean crashing load. These factors contributed to Group G specimens having a larger
value of crush force efficiency than Group F specimens. The Group H specimens had
larger peak buckling loads than Group G specimens due to the smaller circular hole
discontinuity and a lower plateau load due to the nature of the splitting of the SMII mode.
These two factors contributed to the Group H specimens having a crush force efficiency
lower than that of the Group G specimens and approximately equal to the Group F
specimens.
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Figure 6.33. Mean crush force efficiency for each crash test specimen Group.
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For the 300 mm long AA6061-T6 specimens (Groups I and J), whose load versus
displacement curves and crashing modes are shown in section 6.2.1.4, the plateau load
for the Group J specimen with the large hole contributes to a larger P m term in equation
(3.5). This resulted in larger crash force efficiencies for the specimen group with the
large circular hole discontinuity.
The thick walled AA6063-T5 200 mm long specimens w ith the large hole
discontinuity (Group L) had a larger mean crush force efficiency than their counterparts
with no discontinuity (Group K). The same, however, was not found for the thin-walled
AA6063-T5 specimens, which had nearly equal crush force efficiencies regardless o f the
presence and size o f discontinuity as illustrated in Figure 6.33.

This is due to the

similarities in collapse modes across all thin walled AA6063-T5 specimens (Groups P, Q
and R).
The effect o f material properties on crush force efficiency m ay be explained by
comparing specimens made from each extrasion material type that have the same
geometry and collapse in similar modes. Load versus displacement curves for 3 o f the
300 mm long absorber specimens made from each o f the three extrusion materials are
shown in Figure 6.34. Due to the large hardening capacity o f the AA6061-T4 extrasion
material , (ifP= 1.67), the uniform plastic compression phase o f the load versus
displacement curve is extended for a longer amount o f crosshead displacement than the
specimens o f the other two materials.

Therefore, the area under the load versus

displacement curve for the AA6061-T4 specimens will be larger relative to the peak
buckling load then the tubes made from the other 2 materials {HP= 0.32). As a result, the
crash force efficiency is significantly larger for the specimens made from AA6061-T4
(Group D) than for the specimens made from the other two materials (Groups I and N).
A similar phenomenon was observed in reference [17], which considered the axial
crushing o f square tube extrasion structures made from AA6060 with different heat
treatments. The force versus displacement curves for the extrusions made from materials
with greater hardening capacity had longer uniform plastic compression regions in terms
o f crosshead displacement. This lead to a larger crushing distance for each symmetric
lobe formed for structures made from these materials.
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Figure 6.34. Comparison of 300 mm long absorbers with no discontinuity made from
each extrusion material considered (Groups D, I and N).

63 .5

G eom etric efficiency

The geometric efficiency of each specimen group is shown in Figure 6.35. The
maximum crosshead displacement was limited to 150 mm by the range of the LVDT used
during the experimental crush tests. Therefore, although the maximum theoretical value
for the geometric efficiency is 1.0, due to constraints associated with the experimental
equipment the actual maximum value for the 200 mm long specimens was 0.75 and for
the 300 mm long specimens 0.50.
Basically, all specimens that did not collapse in the global bending mode came
close to the actual maximum geometric efficiency values o f 0.75 for short specimens or
0.50 for long specimens unless they bottomed out in the testing machine.
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Figure 6.35. Mean geometric efficiency of each crush test specimen Group.

6.3.6

Specific energy absorption

The specific energy absorption of a structure is a measure of energy absorbed
with respect to mass as discussed in chapter 5.

The mean values of specific energy

absorption for each specimen group are shown below in Figure 6.36. Obviously, this
evaluation parameter accentuates the mass advantage the 200 mm long specimens hold
over the 300 mm long specimens. Furthermore, the thin walled AA6063-T5 specimens
have a mass of approximately 75% of the other 200 mm long specimens.
contributes to a relatively large SEA value for these specimens.
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6.4 C om parison of experimental results with theoretical predictions

6.4.1 Empirical and theoretical Buckling mode prediction

The theoretical and empirical critical L/C ratios for the transition region between
the global bending mode and the progressive buckling mode are given in equations (2.2)
and (2.3) respectively.

As stated in section 2.3, these equations are based on

experimental work and theoretical developments considering square tubes with no
intentional discontinuities. Therefore, only the collapse modes o f the absorbers with no
circular hole discontinuities are compared with the predictions of equations (2.2) and
(2.3). The critical L/C ratios calculated using equation (2.2) and (2.3) for the 200 mm
specimen geometries with the large and small wail thickness as v/ell as for the 300 mm
specimens are shown in Figure 6.37 along with the actual L/C ratios for these specimens.
As stated in section 2.3, the global bending collapse mode is predicted for specimens with
L/C ratios above the critical ratio and the progressive buckling collapse mode is predicted
for specimens with L/C ratios below the critical ratio.
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As can be seen in Figure 6.37, the actual L/C ratio is above both the theoretically
and empirically calculated critical value for the 200 rmn and 300 m m long thick walled
specimens. Therefore, equations (2.2) and (2.3) accurately predicted the global bending
collapse mode for all thick wailed specimens (r=3.15 mm) without circular hole
discontinuities except some of the Group A specimens.

As shown in Figure 6.7, one

Group A specimen collapsed in the symmetric mode, one collapsed in the global bending
mode, and two collapsed in a combination of these modes. It appears as though nonuniform material properties throughout the specimens caused by inconsistencies in the
heat treating process may be the deciding factor in determining the collapse mode o f the
Group A specimens. This is supported by the fact that the L/C ratio of these specimens is
on the borderline of the theoretical critical value, and by the inconsistency in collapse
mode for the Group A specimens.

^th eo retically
predicted
cntical L/C
(equation 2.2)

7

□ experimentally
predicted
critical L7C
(equation 2.3)

O

■ specim en L/C

A, F, K

P

D, I, N

Specimen groups

Figure 6.37. Comparison of theoretically predicted (eq. 2.2) and experimentally
predicted (eq. 2.3) critical L/C ratios to the actual L/C ratios for the specimen groups with
no circular hole discontinuities.
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As illustrated in Figure 6.37, the actual L/C ratio for the 200 m m long thin walled
specimens (Group P) is just below the theoretical critical value and just above the
■empirical critical value. Therefore, the theoretical equation (2.2) predicts a progressive
buckling collapse mode and the empirical equation (2.3) predicts a global bending
collapse mode for the Group P specimens.

As shown in Figure 6.28,, the Group P

specimen begins collapsing in the progressive symmetric mode before cracking initiates
and the collapse mode shifts to a hybrid o f the (PI) and (SMII) m odes. This means that
the theoretical equation (2.2) accurately predicts the collapse m ode for this specimen
group and the empirical equation (2.3) does not based on observations o f this research.

6.4,2 Theoretical peak buckling load prediction using Stow ell’s equation

The peak buckling loads predicted using StowelFs formula (equation 2.7) are
compared with the experimentally determined peak buckling loads for the specimens
with no circular hole discontinuities in this section. As discussed in section 2.5.1, the
development o f StowelFs classical formula is based on im perfection free rectangular
plates.

Therefore, only the extrusion absorber specimens w ithout circular hole

discontinuities are considered here.
Furthermore, it is noted in section 2.5.1 that reference [17] o n ly advises the use o f
StowelFs equation for square tubes i f A > 1.2, where 1 is defined in equation (2.8). The
values o f A for specimens with no circular hole discontinuities are shown in table 6.2.
Even though the criteria from reference [17] are not met, the peak buckling toads were
calculated using Stowell’s equation and the results were close to the peak buckling loads
found in the experimental results for most test specimen groups.

These values are

illustrated in Figure 6.38.
Table 6.3. Slenderness ratio o f each extrusion material.
Extrusion Material
1
A A6061-T4(t =
AA6061-T6 (t =
AA6063-T5 ( t=
AA6063-T5 (t -

3.15m m )
3.15 mm)
3.15 mm)
2.38 mm)

0.483
0.425
0.361
0.567

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

160
ITheoretically
calculated value
using Stowell's
equation (2.7)

140

1 , 120
H

o 100
O)
_c
80
o
3
CD

60

cc
0)

40

H

I

i E
1 I

□ experimentally
determ ined (m ean)
value for 200mm
specim ens

D-

20 1
A& D

F& 1

K& N

Specim en G roups

H experimentally
determined (mean)
value for 300mm
specimens

Figure 6.38. Comparison of peak buckling loads calculated using equation 2.7 to the
experimentally determined peak buckling loads of specimen groups with no circular hole
discontinuities.

6.4.3 Squash load prediction

The squash load, as defined in section 2.2.1, was calculated for each specimen
with no discontinuity.

In order to compare the results to those of the experimental

testing, the squash loads were estimated by visual inspection of the load versus
displacement curve for each specimen tested. This was done by estimating the load at the
point where the load versus displacement curve becomes non-linear.

The theoretical

squash loads calculated using equation (2.1) as well as the squash loads estimated from
the experimental data are plotted in Figure 6.39.
As illustrated in Figure 6.39, equation (2.1) accurately predicted the squash load
for each specimen.

This should be expected since the squash load is basically a

calculation of the maximum axial elastic compression of each specimen.
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7. FINITE E L EM EN T MODELLING AND SIM U LA TIO N M E T H O D

As discussed in Chapter 2, FE analysis has been used to solve high deformation
problems, including M l vehicle crash and automotive component simulations [22].

This

process makes the evaluation o f energy absorbing structures and components more
inexpensive and less time consuming.

For this reason, it was important to develop FE

models o f the extrusion absorber specimens and to validate the m odels by conducting
simulations o f the experimental crash testing process.

This chapter describes the FE

modeling and simulation o f the experimental crush tests for the specimens with circular hole
discontinuities.
The first stage o f the model development (preprocessing) involved the creation and
discretization o f the specimen and crosshead plate geometry and the implementation o f
boundary conditions. This was done using the preprocessing software packages Traegrid and
FEME (Finite Element Model Builder). FEME was then used to output an analysis code file,
to which the material models were added. The completed analysis file was then input to LSDYNA, an explicit non-linear FE solver, which provided a solution.

The solution results

were then viewed and analyzed in the post-processing software package LS-FOST.
FE models were developed and the experimental quasi-static crushing process was
numerically simulated for all experimental specimen groups that had circular hole
discontinuities. FE analyses were not conducted on the specimen groups without intentional
discontinuities due to the difficulty o f geometrically discretizing their geometry.

The

buckling process o f square tubes with no intentional discontinuities (or crush initiators) is
difficult to numerically model because the collapse process is strongly dependant on small
geometric and material discontinuities and imperfections throughout the structure. Although
these discontinuities and imperfections also exist in the structures with circular hole
discontinuities, their effect on the collapse process is very small compared to the effect o f the
intentional discontinuity.
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7.1 Explicit Finite E lem ent Analysis

Although it is beyond the scope o f this thesis to develop the FE theory and the
equations used to solve the extrasion absorber crushing problem, a b rie f discussion o f the
process is in order. Solving a problem using the FE method requires finding a solution to
equation (7.1), which is based on the spatial discretization o f the geometry, the material
model, and the boundary conditions. In equation (7.1), [M] is the m ass matrix, [C] is the
damping matrix and [K] is the stiffness matrix.

The variables {i<},{ti}and{M}are vectors

representing the nodal accelerations, the nodal velocities and the nodal displacements,
respectively.

[M]. {«}+ [C]- {ii}+ [k ]. {a}= {F„}

(7.1)

LS-DYNA uses the explicit time integration method to solve equation (7.1).

This

method assumes a linear change in displacements from the current tim e step. The central
difference scheme is used to relate the nodal accelerations, velocities and displacements. The
primary advantage o f this scheme is that inversion o f the stiffness m atrix, which is very
computationally intensive, is not required.

7.2 D iscretization o f the specimen models

The discretization o f the extrusion absorbers was carried out using the parametric
mesh generation software Traegrid. This program enables the creation o f unifonnly m eshed
models o f entities with complex geometry through the use o f a projection method. In this
process, three-dimensional blocks o f mesh are created using simple shapes. The mesh faces
o f the blocks are then projected onto the more complicated model geom etry surfaces, w hich
may be user defined within Traegrid, or provided using CAD data. This process is illustrated
in Figure 7.1, which shows the projection o f the block mesh onto the geom etry o f a square
tubular structure with a circular hole. Another advantage o f using T raegrid is the ability to
easily change parametric geometric and meshing variables at any point in the model creation
process.
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Figure 7.1. Projection process used by Traegrid to create unifrom geometric discretizations.

The discretization of the 200 mm long absorber specimens with large hole
discontinuities (Groups B, G, and L) is shown in Figure 7.2. Due to the symmetry observed
in the experimental quasi-static crushing process of these specimens, only one quarter o f the
absorber specimen was included in this model. All other models were constructed using one
quarter of the specimen geometry except the models of specimen Groups E and I.

The

collapse modes of specimens E and I were only symmetric in one plane, so it was necessary
to include half the specimen geometry in these models. Since the simulation times in explicit
FE analyses depend largely on the size of the elements included in the model, the use of
excessively small elements would have resulted in prohibitively long simulation times.
However, the use of excessively large elements would result in inaccurate collapse mode and
axial force predictions. Therefore, the element size used in meshing the absorber model was
selected bearing in mind the trade-off between computation time and accuracy. As shown in
Figure 7.2, the mesh density is finer in the region of the structure surrounding the circular
hole discontinuity. This was necessary in order to ensure an accurate calculation of the stress
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distribution resulting from the stress concentration caused by the circular hole discontinuity.
Furthermore, in order to accurately capture the stress distribution across the wall thickness of
the model, it was necessary to model the absorbers using four elements through the thickness
of the tube.

Crosshead plate model
Extrusion absorber model

jL-iiliiitJ.. 1

f i't

Figure 7.2. Discretization of Group B, G, and L specim ens (L = 200 mm, D = 14.2 mm,
t = 3.15 mm). The inset shows a detail of the discretization o f the circular hole discontinuity
region.

The elements used to model the extrusion absorber structures were selectively
reduced, fully integrated hexahedral brick elem ents (solid elem ent form ulation # 2 in
LS-DYNA).

These elements support nodal translational degrees o f freedom but do not

support nodal rotations. The main advantage of using this element is the elimination of zero
energy, or hourglass modes. This is, however, accompanied by larger simulation times due
to higher order integration than for the under integrated eight-node elem ent available in
LS-DYNA (solid element formulation # 1).
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Rigid shell elements (shell element formulation #1 in LS-DYNA) were used to mode!
the crosshead (top plate) o f the compressive testing machine, as shown in Figure 7,2. The
mesh density used for these shell elements is similar to that o f the absorber model.

7.3 M odeling contact

Contact was modeled between the rigid plate and the absorber using a surface-to-surface
contact algorithm available in LS-DYNA. Due to the nature o f the collapse modes observed
in the experimental testing, it was necessary to model contact between the walls o f the tube.
This was implemented using a single-surface contact algorithm available in LS-DYNA. Both
contact algorithms used in the models are penalty based and there was no indication o f
excessive nodal penetrations during any o f the simulations. Values for the coefficients o f
static and dynamic friction were specified as 0.40 and 0.30 respectively.

A small

contribution o f sliding interface energy to the total energy was observed for these numerical
models. This contribution was less than 10 % for the simulations in which splitting modes
occurred and was less than 5 % for the simulations in which progressive buckling occurred.

7.4 Application of bo u n d ary conditions

The axial crushing process o f the absorber specimens was modeled by prescribing a
constant velocity o f 2 m/s to the rigid plate in the axial direction o f the tube (negative Zdirection in Figure 7.2). As noted in chapter 3, previous researchers have found that crushing
speeds in the order o f 10 m/s or less may be considered quasi-static.

This facilitates the

comparison of the FE results to the experimental quasi-static crush testing results.

The

bottom plate of the compressive testing machine was modeled by defining a rigid wall in the
X-Y plane directly underneath the absorber. In order to compare the results between models,
each absorber model was crashed through a displacement o f 100 mm.
In order to ensure that the crushing plate only translated in the Z-direction, and did
not experience any rotations, it was necessary to assign nodal motion constraints to the nodes
o f the plate. The nodes o f the plate were constrained from translating in the X- and Ydirections and from rotating in any direction. Also, the nodes lying in the symmetry planes at
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the boundaries o f the quarter-absorber model were constrained to moYe only within the
symmetry planes (i.e. the x-z and y-z planes) as illustrated in Figure 7.2.

7.5 Development of M aterial M odels

Four material models were developed for the AA6061-T4, AA6061-T6, thick-walled
AA6063-T5 and thin-walled AA6063-T5 extrusion materials.

The capabilities o f the

numerical material models used for the extrasion absorber FE models w ere required to meet
a number o f criteria. Due to the hardening properties observed in the tensile testing o f the
extrasion materials, it was necessary for the model to support non-linear plasticity.
Furthermore, due to the occurrence o f major fracture and cracking during the crashing o f the
experimental test specimens, modeling failure was necessary.
As mentioned in section 2.7, Hanssen et al. [30] used material model 104 in LSDYNA to predict ductile failure during the axial crushing o f square tubes. This model uses
the von-Mises yield criterion and incorporates non-linear plasticity. Failure is modeled using
a damage mechanics theory developed by Lemaitre [37]. The mode! employs an effective
stress, Gejf, which is defined in equation (7.1), where D is the damage variable.

(O SZX l)

(7.1)

Hanssen et al. describe the effective stress as accounting for the fact that the evolution
of microcracks and microcavities that occurs during inelastic loading causes a higher stress
on the parts o f the material that remain undamaged.

The criteria for complete rupture is

given by D= Dc, where Dc is the critical damage value which depends on the material and
loading conditions. Below the damage threshold,, or the plastic strain at which microcracking
first occurs (Spo), D remains zero, as illustrated in Figure 7.3. This plastic strain corresponds
to the strain at which material softening first occurs, which corresponds to Uu-
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dD

Figure 7.3. Relationship between Dc and Bpu in comparison to the engineering stress versus
engineering strain curve for a typical materia! [39].

In damage theory, the stress is expressed as a function o f damage accumulated plastic
strain, which is defined in equation 7.2.

For strains below Spo, there is no appreciable

damage and the value o f D is taken as zero, and r is simply equal to

(7.2)

r = { l- D ) e ^

The strain hardening model used in material model 104 is described in equation 7.3.
Here, at is the uniaxial stress, Uvm is the von Mises equivalent stress, Y is the uniaxial stressstrain curve, a^ is a parameter governing strain rate effects, and Qj^ Q2 , c;, and q are
parameters that define the hardening o f the material.

= Y = (J + Q ,{1 - e x p (-c ,r)) + 02 (1 - exp i-c^r)) +

(7.3)

Material model 104 requires an input o f the hardening parameters Qj^ Q2,

and C2

and the damage parameters SpD, Dc, and S, which is a positive material param eter. Hanssen et
al. used a process o f inverse modeling o f tensile test specimens in order to determine these
parameters and calibrate the model.

This involved an iterative process of comparing the

results o f numerically simulated tensile tests to those o f experimental tensile tests.

The

constants were altered in the models used for each iteration until the num erically determined
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stress versus strain curve matched the experimentally determined curve closely. The m ost
challenging aspect o f this was to find the proper values o f S and Dc, such that the region o f
the numerical stress versus strain curve beyond a-a correlated with the experimental curve.
The materia! parameter S is related to the slope o f the damage (D) versus plastic
strain (SpD) curve as shown in equation (7.4).

Since dt and E vary through the material

softening region o f the curve, a singular value o f S is not available and the best average value
is used in the material model.

o,
S =dP
2 E { l- D Y
d£„

(7.4)
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Figure 7.4. Tensile specimen FE model used by Hanssen et al. and FE model deformed
geometry plot showing the localized failure after critical damage is reached in some
elements. Also shown are numerical engineering stress versus engineering strain plots from
the calibration trials compared to the experimental curve used to calibrate the model [30].
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During the FE simulations, when the critical damage is reached in an element, that
element is removed from the numerical model.

In order to determine the effect o f mesh

density on this process, Hanssen et al. performed several tensile test simulations in which the
number o f shell elements across the width o f the specimen was varied. This is illustrated in
Figure 7.4 along with the localized failure for the numerical test specim en discretized using
18 elements across its thickness. It is noted by Hanssen et al. that the m esh influences the
localized behavior after necking is initiated. Figure 7.4 shows the num erical stress versus
strain curves, where n is the number o f elements across the width o f the specimen model, as
well as the experimentally determined stress versus strain curve.

Since the damage

parameters are partially dependant on mesh density, they are not referred to as material
properties.

7.5.1 C alibration of material model parameters

Material model 105 in LS-DYNA was used to model the extrusion absorber materials
considered in this research. This material model is similar to model 104 discussed in the
previous section, but allows the direct input o f the true stress versus true plastic strain data in
the form o f a piecewise linear curve. During the simulation, LS-DYNA perform s a curve fit
o f the data and determines the constants g /, Q 2 , c;, and c^. This true stress versus true plastic
strain data was obtained from the results o f the tensile tests presented in section 6.1. Other
properties required as input, Oy and E, were also obtained from the experimental tensile test
results. Poisson’s ratio (v) was defined as 0.35, a standard value for aluminum [38].
An iterative calibration process similar to the one used in reference [30] and
described in the previous section was used to determine Dc and S for the four material
models. The parameter Epo was input as the default value, 0.0, as was done in reference [30].
However, the calibration process in this research was done in two stages. The first stage
involved iterative FE simulations o f a tension test, similarly conducted b y Hanssen et al., in
order to find the parameters S and Dc-

This process is described for the thick walled

AA6063-T5 extrusion material model in section 7.5.1.1.
As noted in section 7.5, the parameters S and Dc are mesh-dependant. Due to the fact
that the tensile test simulations were conducted using shell elements and the crush test
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simulations were performed using brick elements, it was necessary to further calibrate the
model for use in the absorber crushing simulations. This process is described for the thickwalled AA6063-T5 material model in section 7.5.1,2.
The AA6061-T4 extrusion material could not be calibrated properly for material 105.
Since there was little cracking and splitting observed in the experimental crushing o f these
specimens, material model 103 in LS-DYNA was used. This model is the same as model
105 in terms o f the modeling o f yielding and hardening, but does not mode! damage.

7.5.1.1 Numerical tensile test material model calibration process (S tage I)

The FE model o f the tensile test specimen used to numerically simulate the
experimental tensile tests described in section 4.2 is illustrated in Figure 7.5.

The test

specimen geometry was discretized using Traegrid pre-processing software, which allowed a
smooth transition between the wide end regions o f the specimen model and the thin middle
region. Plane stress shell elements were used for the specimen model. T he nodes at one end
o f the specimen were constrained from motion and a prescribed displacement o f 10 mm was
assigned to the nodes at the other end. The simulation time o f 0.1 seconds resulted in a much
higher pulling rate than the one used for the experimental tensile tests. It was assumed that
the simulated crosshead speed o f 100 mm/s could be considered quasi-static and was
sufficiently slow so as to not effect the results.
The numerical elongation time history data was obtained by recording the relative
displacement o f two nodes in the reduced section o f the specimen that were 25.4 mm apart
(the gauge length o f the extensometer used for the experimental tensile testing). Numerical
load time history data was obtained by recording the nodal forces in the x-direction in the
nodes across the top o f the specimen model.

These data were analyzed to create an

engineering stress versus engineering strain curve based on the material model used in the
simulation.
The stage one calibration process o f the thick-walled AA6063-T5 material model
involved fourteen iterations o f the FE tensile test simulation. The param eters Dc and S were
varied until the numerically determined engineering stress versus engineering strain curve
matched closely with the experimentally determined engineering stress versus engineering
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strain curve. The values of Dc and S are shown in Table 7.1 for each iteration conducted for
the thick-walied AA6063-T5 model. The numerically determined tensile curves for selected
iterations as well as the experimental tensile curve used to calibrate the material model are
shown in Figure 7.6. The failure of the FE tensile model for iteration #14 (the final iteration)
is illustrated in Figure 7.7.

Figure 7.5. Tensile test specimen model discretization created using Traegrid.

Table 7.1. AA6063-T5 Stage I calibration data for each iterative tensile test sim ulation.
Iteration
1
2
3
4
5
6
7

S
1300
1400
1300
1400
1400
1500
1400

Dc
0.20
0.15
0.15
0.08
0.05
0.10
0.12

Iteration
8
9
10
11
12
13
14

5
1600
1500
1900
3000
2200
1500
1400

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Dc
0.10
0.10
0.12
0.12
0.12
0.12
0.14

300
250
experim ental
iteration #1
iteration #5
iteration #10
Iteration #12

m
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Iteration # 1 4

<D
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0.00
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Figure 7.6. Comparison between the experimentally obtained engineering stress versus
engineering strain curve and the numerically obtained engineering stress versus engineering
strain curves of selected iterations.

(a)
(b)
(c)
(d)
Figure 7.7. Figures (a), (b) and (c) illustrate the deformed geometry o f the gauge length
section of the tensile specimen model for iteration #15 of the AA6063-T5 stage I calibration.
Figures (b) and (c) show the deletion o f elements that have reached critical damage (D = A-)
from the simulation. Figure (d) illustrates the experimental specimen failure region.
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7.5,1,2 Numerical crush test material model calibration process (Stage II)

As mentioned above, materia! models employing the values o f S and Dc found using
the numerical tensile calibration process did not produce accurate results for the tube
crushing simulations. Therefore it was necessary to further calibrate the material models by
raiining iterative FE absorber specimen crashing simulations with varying values o f S and DcThis will be referred to as the stage II damage model calibration process. The numerical load
versus displacement curves for each iteration were compared to the experimentally
determined curves for the specimen group under consideration. For all fo u r material models,
the 200 mm long specimen with the large hole (specimen Groups B, G, L, and Q) was used
for this stage o f calibration.

This process was repeated until the num erical load versus

displacement curve followed closely the experimental load versus displacem ent curve.
The process used in the stage II calibration for the thick walled A A 6063-T5 material
model is illustrated below. The values o f Dc and S are shown in Table 7 .2 for each iteration
conducted.

The numerically determined load versus displacement curves for selected

iterations as well as the experimentally determined load versus displacem ent curve used for
comparison are shown in Figure 7.8.
The results o f each iterative simulation gave valuable inform ation for choosing the
values o f Dc and S that were to be used for the subsequent iteration.

For example, the

numerically predicted collapse mode o f the thick-walled AA6063-T5 iteration #3 was clearly
incorrect. During the experimental crush tests, a complete fold was form ed at the midpoint
o f the absorber specimens o f Group L before any major cracking or splitting took place. The
iteration #3 simulation, however, predicts a collapse mode in which m ajor cracking and
splitting take place almost immediately after the peak load is reached. This is illustrated in
Figure 7.9, which shows the progression o f the deformed geometry as predicted by the FE
simulations o f iterations #3 and #6 as well as photos showing the crushing process o f Group
L specimen 75-56.

These deformed geometry plots are shown at sim ilar points in the

crushing process as shown for specimen T5-56. This premature failure and elimination o f
nodes caused the load versus displacement curve produced by the iteration #3 simulation to
drop off in an unrealistically sharp manner after the peak load was reached. In order to delay
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cracking in the simulations (i.e. the elimination of elements), it was evident that the critical
damage value (A.) must be increased.

Table 7.2. AA6063-T5 Stage II calibration data for each axial crush test simulation iteration.
Iteration
1
2
3

D,
0.18
0.30
0.12

5
1400
1150
1400

Iteration
4
5
6

S
1400
1400
1400

Dc
0.65
0.55
0.45

90

60
T3
cd

o

0
0

20

40

60

80

100

Crosshead Displacement (mm)
— experimental — iteration #3 — iteration #5 — iteration #6
Figure 7.8. The experimental load versus displacement curve for specimen T5-56 (specimen
Group L) is shown with the numerical load versus displacement curves produced by stage II
iterations 3, 5, and 6.

In comparing the deformed geometry plots of iteration #6 to the photographs of
specimen T5-56, it is evident that the damage parameters used in the material model for
iteration #6 lead to a correct prediction of the initial phase of the collapse mode. For this
reason, and since the numerical load versus displacement curve m atched the experimental
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curve very closely, the damage parameters used for iteration #6 (Dc = 0.45 and S =1400) were
used in the FE models of all the thick walled AA6063-T5 specimens (Groups M, N and O).

Experimental:

(a) S = 0mm

(b) S = 4.5mm

(c) S = 10.0mm

(d) S = 14.0mm

Iteration #3:

(f) ^ = 0mm

(g) <5= 4.0mm

(h) S = 9.0mm

(i) <5= 14.0mm

Iteration #6:
m

(i) (5 = Omm

(k) S = 4.0mm

1

(1) S = 9.0mm

(m) d = 14.0mm

Figure 7.9. Comparison of the deformed geometry plots of the iteration #3 and #6
simulations and experimental photographs of the quasi-static crashing o f specimen T5-56.
7.6 Sim ulation procedure

The FE models of the experimental axial crushing tests developed for this research
are listed by absorber specimen group in Table 7.3. The simulations were ran using LSDYNA version 970 on personal computers with dual 2.0 GHz AMD processors with 500 MB
of RAM. The simulation times for each FE model varied from 26 hours to 81 hours and are
listed in Table 7.3 for each model
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Table 7.3. FE mode! details for each model Group.
Extrasion Material
Material
Simulation Model
No.
Group
Model
1
2
3
4
5
6
7
8
9
10
11

B
C
E
G
H
I
J
L
M
O
Q

6061-14
AA6061-T4
AA6061-T4
AA6061-T6
AA6061-T6
AA6061-T6
AA6063-T5 (t=3.15)
AA6063-T5 (1=3.15)
AA6063-T5 (t=3.15)
AA6063-T5 (f=2.38)
AA6063-T5 (r=2.38)

103
103
103
105
105
105
105
105
105
105
105

Symmetry
Condition
1/ 4 tube
1/ 4 tube
1/ 2 tube
1 /4 tube
1/ 4 tube
1/ 2 tube
1/ 4 tube
1/ 4 tube
1/ 4 tube
1/ 4 tube
1 /4 tube

D (mm) Simulation
Time
(hours)
14.2
26
7.1
39
14.2
56
14.2
36
7.1
75
14.2
74
14.2
37
7.1
79
14.2
59
14.2
45
7.1
81
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8. FIN IT E ELEMENT ANALYSIS RESU LTS AND D ISC U SSIO N

The results o f the FE simulations o f the experimental crash test models outlined in
Table 7.3 are presented and discussed in this chapter. The results are first presented in the
form o f numerical load versus displacement curves for the simulations o f each extrusion
material in sections 8.1 through 8.4. These curves are overlaid with the experimental load
versus displacement curves in order to illustrate the predictive capabilities o f the FE models.
In addition, deformed geometry plots are shown for selected simulations along with pictures
taken during the experimental quasi-static crushing tests in order to illustrate the ability o f the
FE models to predict the collapse modes o f the structures. In section 8.5, the numerically
predicted peak buckling load and total energy absorption o f each model group are compared
with experimental results.

Section 8.6 details the development o f an equation for the

plasticity initiation load (PIL) for square tubes with circular hole discontinuities. The P IL is
analogous to the squash load (equation 2.1) for square tubes w ith no intentional
discontinuities.

8.1 AA6061-T4 specimen simulation results and discussion

The numerical load versus displacem ent curve for m odel Group B is show n in
Figure 8.1 along with the experimental curve for Group B specimen T4-9.

This figure

illustrates that the FE model over predicts the experimentally determined peak buckling load
and crippling point loads but predicts fairly closely the folding point loads. In addition, the
crosshead displacement corresponding to one fold is greater for the FE simulation than for the
experimental crush test.
The numerically predicted collapse mode o f model Group B is illustrated in Figure 8.2,
which shows deformed geometry FE plots along with pictures from the experimental crash
test o f specimen T4-9. It should be noted that all deformed geometry plots presented in this
section were constructed by reflecting the quarter model used in the simulations about the x-y
and z-y symmetry planes.

This figure further illustrates that although the simulation

accurately predicts the collapse mode, the folds are formed at lower crosshead displacements
in the experiments than in the FE simulations.
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Figure 8.1. Numerical load versus displacement curve for model Group B shown with
experimental load versus displacement curve for Group B absorber specimen T4-9.
Experimental:

(a) <5= 9mm

(b) 0 = 30min

(c) <5= 61.5mm

(d) <5= 91.5mm

(f) (5 = 29mm

(g) S = 61.5mm

(h) d = 91.5mm

Numerical:

(e) <5= 9mm

Figure 8.2. Experimental and numerical crushing process for Group B (specimen T4-9).
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Figure 8.3 shows the numerical load versus displacement curve for model Group C
along with the experimental load versus displacement curve for Group C specimen T4-12.
As with model Group B, FE model C coiTectly predicted the PII collapse mode, but over
predicted the peak buckling load and crippling point loads.
The numerical load versus displacement curve for specimen Group E is illustrated in
Figure 8.4 along with the experim entally determ ined carve for Group E specimen T4-20.
It is evident from the figure that the FE model did not correctly predict the global bending
collapse mode observed in the experimental crush tests of the Group E specimens. Instead,
the model deformed in the PII collapse mode as in the Group B and C simulations. This
collapse mode was observed in the simulations regardless of mesh density and crashing plate
velocity. Modeling the full absorber structure (no symmetry condition) also resulted in the
model deforming in the PII crashing mode.

Furthermore, simulation E over predicts the

experimental peak buckling load more severely than AA6061-T4 simulations B and C.

120
100

80

1

■numerical
experimental

60

20

0

20

40

60

80

100

Crosshead Displacement (mm)
Figure 8.3. Numerical load versus displacement curve for model Group C shown with
experimental load versus displacement curve for Group C absorber specimen T4-12.
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Figure 8.4. Numerical load versus displacement curve for model Group E shown with
experimental load versus displacement curve for Group E experimental specimen T4-20.
8.2 AA6061-T6 specimen sim ulation results and discussion

The load versus displacement curves for AA6061-T6 models Groups G, H and J, are
shown with their corresponding experimental load versus displacement curves in Figures 8.5,
8.6 and 8.7 respectively. The elimination of elements in these simulations gives the curves a
jagged appearance. These Figures show that the AA6061-T6 FE models (Groups G, H, and
J) predicted the peak buckling loads with greater accuracy than the AA6061-T4 material
models (Groups B, C, and E). In addition, the numerically predicted plateau loads were also
closely predicted in these simulations. The numerically predicted collapse mode of model
Group J is illustrated in Figure 8.8, which shows deformed geometry plots of the simulation
along with pictures from the experimental crush test of specimen T6-44. This Figure shows
that the FE simulation for model Group J closely predicted the collapse mode observed in the
crush tests of the Group J specimens. However, the FE simulations for Groups G, H and J
predicted cracking (the elimination of elements) at lower crosshead displacements than
occurred in the experiments. This is evident in Figure 8.8 (a) and (e), which show Group J
experimental test specimen T6-44 and numerical model J, respectively, at <5 = 9mm.

101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

In

addition, the FE modei did not predict the global bending observed in the experimental crash
testing about the interface of the two halves of the absorber, as detailed in sectioo 6.2.2 A.
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Figure 8.5. Numerical load versus displacement curve for model Group G shown with
experimental load versus displacement curve for Group G absorber specimen T6-30.
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Figure 8.6. Numerical load versus displacement curve for model Group H shown with
experimental load versus displacement curve for Group H absorber specimen T6-37.
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Figure 8.7. Numerical load versus displacement curve for model Group J shown with
experimental load versus displacement curve for Group J absorber specimen T6-44.
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Figure 8.8. Experimental and numerical crashing process for Group J (specimen T4-44).
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8.3 AA6063-T5 thick walled specimen simulation results and discussion

The numerical load versus displacement curve for model Group L is shown in Figure
8.9 along with the experimental curve for Group L specimen T5-56. It is evident from this
Figure that the Group L simulation predicted the peak buckling and plateau loads quite
closely.
The numerically predicted collapse mode o f model Group L is illustrated in Figure
8.10, which shows deformed geometry plots o f the simulation along with pictures from the
experimental crush test o f Group L specimen T5-56. Figures 8.10 (a) and (e) illustrate that
before cracking occurs, the experimental and numerical collapse modes are nearly identical.
However, beyond this point, the collapse modes diverge as illustrated in Figures 8.10 (b) and
(f). These Figures show that in both the experiment and the simulation, a fold forms in the
sidewall without the discontinuity while cracking occurs in the sidewall containing the
discontinuity. The experimental photos illustrate that the top side wall slides past the bottom
side wall and into the tube, while the simulation predicts a fold forming in the sidewall
containing the discontinuity at approximately 5 = 35 mm.

This fold resulted in a large

folding point peak in the simulation at around ^ = 40 mm as illustrated in Figure 8.9. The
subsequent rolling o f the sidewall halves in the simulation as illustrated in Figure 8.10 (g)
and (h) results in more plastic deformation and a higher plateau load than was observed for
the Group L experimental crush tests.
Figure 8.11 shows the numerical load versus displacement curve for FE model M. No
experimental curve is shown in this Figure because, as stated in chapter 6, there were no valid
experimental crush testing results for the Group M absorber specimens.

The numerical

simulation for Group M predicted a crushing mode identical to the one shown in Figure 8.10
for model Group L.
The numerical load versus displacement curve for model O is illustrated in Figure 8.4
along with the experimentally determined curv^e for Group O experimental specimen T5-71.
Similarly to model M, the simulation o f model O predicted a curling o f the two halves o f the
sidewall containing the discontinuity, resulting in a large folding point and a larger plateau
load peak in the numerical load versus displacement curve than was observed in the Group O
crush tests.
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Figure 8.9. Numerical load versus displacement curve for model Group L shown with
experimental load versus displacement curve for Group L absorber specimen T5-56.
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(a) 5 = 14.0mm
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Numerical:
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Figure 8.10. Experimental and numerical crashing process for Group L (specimen T5-56).
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Figure 8.11. Numerical load versus displacement curve for model Group M.
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Figure 8.12. Numerical load versus displacement curve for model Group O shown with
experimental load versus displacement curve for Group O absorber specimen T5-71.
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8.4 AA6063-T5 thin walled specimen simulation results and discussion

The numerical load versus displacement curves for models Q and R along with the
corresponding experimental load versus displacement curves, are shown in Figures 8.13 and
8.14 respectively. The simulation results for model Q were the best of all models in terms of
predicting the load versus displacement curve of the experimental specimen.
Figure 8.14 illustrates the numerical load versus displacement curve o f mode! R and
the experimental curve o f Group R crush test specimen T5-85. The numerical crushing mode
for model R and the experimental crushing mode for specimen T5-85 are illustrated in
Figure 8.15. This figure illustrates that more cracking is predicted in the numerical model
than is observed in the experimental crash test, which features greater fold formation.
Subsequently, the folding point peaks in the experimental load versus displacement curve are
larger and more pronounced than in the numerical curve, which features a flat plateau load
associated with splitting.
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Figure 8.13. Numerical load versus displacement curve for model Group Q shown with
experimental load versus displacement curve for Group Q absorber specimen T5-81.
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Figure 8.14. Numerical load versus displacement curve for model Group R shown with
experimental load versus displacement curve for Group R absorber specimen T5-85.
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Figure 8.15. Experimental and numerical crashing process for Group R (specimen T5-85).
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8.5 Comparison of FE predictive capabilities between extrusion m aterials

The numerically predicted peak buckling loads are shown in Figure 8.16 for each
model group along with the mean experimental peak buckling loads for each crash test
specimen group. This figure further illustrates the discrepancy between the AA6061-T4 FE
models (Groups B, C and E) and the other models in terms of their ability to predict the
experimental peak buckling loads. While the FE simulations of models B, C, and E over
predicted the experimental peak buckling loads by at least 20%, AA6061-T6 models G, H
and J and thick walled AA6063-T5 model L over-predicted the experimental values by less
than 5%. The simulations for thick walled AA6063-T5 model O and thin walled models Q
and R under-predicted the experimental peak buckling loads by 2% or less.
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Model Group/ Experim ental Specimen Group

B Experimental P e a k Load ■ Numerical P e a k load
Figure 8.16. Comparison between the experimentally determined and numerically predicted
peak buckling loads for each model group.

The variation in the ability of the different models to predict the peak buckling loads
may be partially attributed to the variation in wall thickness of the different extrusion stock
material used to fabricate the absorbers. Since each FE absorber model was discretized using
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a nominal wall thickness, and the peak buckling load is largely dependant on the crosssectional area o f the extrusion structure, the variation in wall thickness throughout the
stracture will have a large effect on the numerically predicted peak buckling load.

W all

thickness measurements o f the tensile specimens extracted from the thin walled and thick
walled AA6063-T5 extrusion materials were very repeatable. Furthermore, a large variation
was observed in wall thickness measurements o f the AA6061 tensile specimens, and the
experimental and numerical peak buckling loads from those materials were varied in
magnitude much more than the specimens made from AA6063-T5.
The ability o f the numerical simulations to predict the energy absorption o f the
extrusion specimens is illustrated in Figure 8.17.

This figure shows the experimentally

determined total energy absorbed, calculated using equation (5.2), for each test specimen as
well as the total energy absorption by the absorber model for each simulation group. The
numerical energy absorption may be calculated using two methods.
The first method o f calculating the total energy absorbed by the absorber model is
similar to that o f calculating the experimental energy absorption using equation (5.2). The
energy absorbed by the structure model is equal to the external work done to deform the
structure, which is equal to the area under the numerical axial load versus crosshead
displacement curve.
The energy absorbed by the structure model is also equal to the accumulated strain
energy o f each absorber element and is calculated by LS-DYNA using equation (8.1).
Equations (8.2) and (8.3) represent the components o f stress and strain (evaluated at the
integration points) for the finite element.

^ n te m a le n e rg y =

[CJ]^=[<T,

[d£]= [d£^

‘

£T,

d£y

Us] dV

CJ,

d£^

(8.1)

T,,

T j

dy^

(8.2)

d y j
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(8.3)

Figure 8.17 illustrates that the external work was greater, in most cases, than the
internal strain energy for most of the FE simulations. This may be due to the elimination of
elements that have reached the critical damage value from the FE simulation.
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□ Experimentally Calculated Total Energy Absorption (Eq. 5.2)
■ Numerically calculated Total Energy Absorption (Eq. 8.1)
□ Numerically Calculated Total External Work Energy
Figure 8.17. Comparison between the experimentally determined total energy absorption and
the numerically calculated energy absorption and external work.

8.6 Initiation of plasticity in specim ens w ith circular hole discontinuities

The squash load is defined in reference [7] as the transition region between the
uniform elastic compression region and the uniform plastic compression region of the load
versus displacement curve for a square tube undergoing plastic budding. However, for the
plastic buckling of a square tube v/ith two circular hole discontinuities, there is no uniform
stress state at any point during loading due to the stress concentration caused by the hole. For
these specimens, the maximum stress will obviously be located at the boundary o f the
circular holes. Therefore, the yield stress will first be reached at this location.
In order to further characterize the plastic buckling of square tubes with two centrallylocated circular hole discontinuities, an equation giving the axial load at which the yield
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stress is initially reached for these tj^pes o f tubular structures is developed here.

This

parameter is analogous to the squash load for square tubes with no discontinuities and will be
referred to as the plasticity initiation load (PIL).
In order to determine the PIL for square tubes with two circular hole discontinuities,
equation (2.1) is modified to take into account the reduced cross-sectional area and the stress
concentration caused by the circular hole discontinuity. Values for the stress concentration
factor for a square tube with two centrally located circular holes were not available in the
literature. For this reason, the stress concentration factor for an axially loaded rectangular bar
with a centrally located circular hole, given by Shigley [38], is used. This is done under the
assumption that the difference in geometry o f the square tube under consideration and the
rectangular bar causes a minimal difference in the stress concentration factor.
The stress concentration factor (<p) is listed as a function o f D /w in [37] where w is the
width of a rectangular bar. For calculation purposes, the side width o f the tube, C, is used as
the value o f the variable w. It should be noted that the stress concentration factor given here
is only valid for elastic stresses and statically applied loads. The stress concentration factors
for both circular hole discontinuity sizes considered in this research are listed in Table 8.1.
Table 8.1. Stress concentration factor {(p) for rectangular bars with a centrally located
circular holes o f the size considered in this research.
w (C) (mm)
D (mm)
Stress concentration factor (^)
38.1
2.25
14.2
2.50
38.1
7.1
It follows that the PIL may be found by multiplying the product o f the stress
concentration factor and the reduced cross-sectional area by the material yield stress as
shown below in equation (8.4).

PIL

D

(8.4)

Due to the highly localized nature o f the initial plastic deformation o f the specimens,
the transition point between linear and non-linear regions on the experimental load versus
displacement curve is not discemable by visual inspection.

Therefore, the theoretically

calculated PIL is compared with numerical results and not experimentally obtained values.

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The numerically calculated PIL was found by examinirig the von Mises effective
stress in the elements at the edge of the discontinuity. The numerical PIL was found by
taking the axial load corresponding to the crosshead displacement at which the von Mises
The PIL found using

stress in these elements reaches the yield stress for the material.

equation (8.4) is plotted for each crush test specimen with circular hole discontinuities in
Figure 8.18 along with the numerically calculated values for each model group.
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Figure 8.18. Numerically and theoretically calculated PIL for each group of specimens with
circular hole discontinuities.
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9. C O NCLUSIO N S

The experimentai tests and numerical simulations conducted in this research have
provided a significant amount of information regarding the energy ■absorption abilities o f
square aluminum tubular structures with and without circular hole discontinuities. From a
design standpoint, this study provides engineers with insight into the relationship between
extrusion geometry and material properties and the collapse mode and energy absorption o f
these structures under axial loading. A number o f conclusions may be made based on the
experiments and simulations conducted in this research.

1. The crush force efficiency for energy absorbing structures with L/C and C/t ratios
considered in this research made from extruded AA6061-T4, AA6061-T6, and
AA6063-T5 with a wall thickness o f 3.15 mm may be greatly improved by adding
circular hole discontinuities at the midpoints o f the structures. The splitting collapse
modes observed in the AA6061-T6 and AA6063-T5 absorber specimens with circular
hole discontinuities provided a large increase in energy absorption over the specimens
with no intentional discontinuities. This increase may be attributed to the decrease in
peak buckling load and the high plateau load associated with the sustained cracking
and splitting observed during the crushing o f these specimens.
2. Material properties, specifically hardening capacity (as quantified by H P in Table 6.2)
and ductility, have a significant effect on collapse mode and energy absorption. This
effect was more prominent in this study for the absorbers with circular hole
discontinuities.
3. The presence o f the centrally located circular hole discontinuity eliminates the
potential variability in collapse mode as illustrated in the results for the Group A
specimens.
4. The size o f the centrally located circular hole discontinuity can determine the collapse
mode of an axially loaded square tubular stracture. This is illustrated in the results for
the specimens of Groups G (D = 14.2 mm) and H (D = 7.1 mm), which differ only in
discontinuity size and collapse in the SMII and SMIII modes, respectively.
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5. Section 6.4.1 detailed the evaluation o f the theoretical and empirical equations (2.2
and 2.3) giving the critical LIC ratio for global bending o f square tubes w ithout
intentional discontinuities. Based on the results presented in this section, equations
(2.2) and (2.3) may be used to predict the collapse modes o f axially loaded extruded
aluminum alloy square tubes with geometries in the range considered in this research.
6. The peak buckling loads were theoretically predicted within approximately 20% to
40% using Stowell’s equation (2.7) for the specimens without circular hole
discontinuities. Based on these inconsistent results, this equation should not be used
to predict the peak buckling loads o f structures with LIC and Clt ratios in the range o f
those considered in this research.
7. A good correlation was observed between the results o f FE simulations and the results
o f quasi-static crash testing o f extrusion absorber structures. M aterial model 105 in
LS-DYNA, which incorporates non-linear plasticity and employs damage mechanics
theory, successfully predicted the cracking and complex splitting collapse modes that
were observed in experimental testing.
8. The PIL, which is analogous to the squash load for square tubes with no intentional
geometric discontinuities, may be used to theoretically predict the axial load at which
yielding first occurs in square tubes with dual centrally located circular hole
discontinuities.

Future work in this area may include the experimental crush testing o f square tubes
with geometric discontinuities located at different points along the length o f the structure,
specifically in the end regions.

Furthermore, the development o f an equation for the

relationship between the PIL and the peak buckling load may be useful for research in this
area.
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Figure A. 1. The axial load versus crosshead displacement curves for specimen Group A.
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Figure A.2. The axial load versus crosshead displacement curves for specimen Group B.

120

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

120
100

_J

40

20

30

60

90

120

150

C rosshead Dispiacement (mm)
T4-11 — T4-12 --T 4-13
Figure A.3. The axial load versus crosshead dispiacement curves for specimen Group C.
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Figure A.4. The axial load versus crosshead displacement curves for specimen Group D.
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Figure A.5. The axial load versus crosshead displacement curves for specimen Group E.
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Figure A.6. The axial load versus crosshead displacement curves for specimen Group F.
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Figure A .I. The axial load versus crosshead displacement curves for specimen Group G.
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Figure A.8. The axial load versus crosshead displacement curves for specimen Group H.
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Figure A.9. The axial load versus crosshead displacement curves for specimen Group I.
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Figure A. 10. The axial load versus crosshead displacement curves for specimen Group J.
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Figure A .l 1. The axial load versus crosshead dispiacement curves for specimen Group K.
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Figure A. 12. The axial load versus crosshead displacement curves for specimen Group L.
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Figure A. 13. The axial load versus crosshead displacement curves for specimen Group N.
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Figure A.M. The axial load versus crosshead displacement curves for specimen Group O.
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Figure A. 15. The axial load versus crosshead displacemeat curves for specimen Group P.
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Figure A .16. The axial load versus crosshead displacement curves for specimen Group Q.
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Figure A. 17. The axial load versus crosshead displacement curves for specimen Group R.
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APPENDIX B; LS-DYNA EXTRUSION MATERIAL M ODELS
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B .l The m aterial model card for the thick walled AA6061-T4 extrusion material
*I»!AT A N I S O T R O P I C V I S C O P L A S T I C
T h is m a t e r i a l m odel i s f o r th e 6061-T4 alum inum a l l o y t e s t e d b y B ryan A rn o ld
and d ev elo p ed by Bryan A rnold and B i l l A lten h o f f o r th e 1/8" w a ll th ic k n e s s
square tu b e s .
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2 5 1 4 6 5 . 939
258898 .4229
0.08600124357
266034.0221
0 .09416591487
272854.5062
0 .1026955384
279334.7312
0 .111590114
285423.9595
0.1208496419
291043 .8258
0.1304741219
296129.3818
0.1404635541
300714.1528
0 .1508179385
304958.6902
0.1615372751
308757.1353
0 .1726215639
309979.1266
0.1840708049

130

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

for

B.2 The m aterial model card for the thick walled AA6061-T6 extrusloB m aterial
nffi.T_DAM AGE_2
T h is m a t e r i a l model i s f o r th e 6061-T6
and d e v e lo p e d by Bryan A rnold and B i l l
square tu b e s .
Ilote
from

the follow ing
th is base set

set

of

u n its:

kg;

alum inum
A ltenhof

mm,

sec

-

allo y tested
f o r th e 1/8"

all

other

by B ryan A rnold
w all th ic k n e ss

u n its

are

derived

PR
E
MID
RO
1 2 ., 7 0 0 E - 0 6 6 . 8 D 7 E + 0 7 3 . , 5 0 0 E - 0 1
P
LCSS
LCSR
C
1
DC
EPSD
S
0 .20
2000.0
0.0
EPS4
EPS2
E PS3
EPSl

S I GY

ETAN

EPPF

DEL

EPS5

EPS6

EPS?

EPS8

ES4

ESS

ES6

E S7

ES8

ESI

ES2

ES3

DE FI NE_ CURVE
T his i s th e load curve fo r th e y i e l d s t r e s s v s. e f f e c ti v e p l a s t i c s t r a i n
t h e t h i c k w a l l e d m a t e r i a l AA60S3-T6 ( u n i t s a r e b a s e d u p o n s e t - k g , m m , s e c )
SCLA
SCLO
OFFA
OFFO
LCID
SIDR
1 .28
0.993
1
0
STRESS
STRAIN
271564 . 3239
0.0000000000000
276939.4407
0 .0002136327340
283787.9838
0 .0006112091341
288361.2380
0.0012886340610
291530.9548
0 .0022459075140
293903 . 9085
0.0034830294940
295856 .3070
0 .0050000000000
297639.3107
0 .0067968190330
0.0088734865920
299423.7054
301319.8784
0 .0112300026800
303390.4718
0.0138663672900
305662 .2426
0 . 0167825804300
308138.6311
0.0199786421000
310812 .0176
0.0234545522900
313673.5184
0.0272103110100
316718.0799
0.0312459182500
319943 .4779
0 .0355613740200
323343.4378
0 . 04015667B3200
326897 .1502
0.0450318311500
330559 .4627
0 .0501868325000
334257.2528
0 .0556216823800
3 3 7 8 9 7 .. 1 0 6 2
0 .0613363807800
3 4 1 3 8 6 .. 5 8 9 8
0.0673309277100
3 4 4 6 5 5 .. 5 3 4 9
0 .0736053231700
3 4 7 7 3 4 .. 8 8 8 6
0 . 0801595671600
3 5 0 6 6 0 ., 0 7 5 3
0 . 0869936596700
3 5 3 5 1 6 .. 6 5 8 4
0.0941076007000
356244 .6437
0 .1015013903000
358394 .7338
0.1091750284000
3 5 8 8 0 2 ,. 2 2 9 8
0 .1171285150000
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B.3 The material model card for th e thick walled AA6063-T5 extrusion material
*MAT_DAMAGE_2
$ T his m a te ria l
$ and developed
square tubes

model i s
by Bryan

f o r th e 6063-T5
A rnold and B i ll

alum inum a l l o y t e s t e d b y B ry a n A r n o ld
A lte n h o f f o r th e 1/8" w a ll th ic k n e s s
$

$
$
$
s
$

Note th e fo llo w in g s e t
d e riv e d from t h i s b a se

of u n its:
set

kg,

mm,

sec

-

a ll

other

u n its

are

PR
S I GY
ETAN
EPPF
MID
E
RO
1 2 . 7 0 0 E - 0 6 6, . 7 6 7 E + 0 7 3 . S O O E - 0 1 1 . 7 4 5 E + 0 5 O . O O O E + 0 0 0 , . OOOE+00
LCSR
C
P
LCSS

TDEL
. OOOE+00

$

EPSD
0.0
EPSl

S
1400 . 0
SPS2

DC
0 .45
EPS3

EPS4

EPS5

EPS6

EPS7

EPS8

$

ESI

ES2

E S3

E S4

ES5

ES6

ES7

ESS

$

* DE FI NE_ CURVE
$
T his i s th e lo a d curve f o r th e y i e l d s t r e s s v s. e f f e c ti v e p l a s t i c s t r a i n
$
t h e t h i c k w a l l e d m a t e r i a l AA6063-T5 ( u n i t s a r e b a s e d u p o n s e t - k g , m m , s e c )
SCLO
OFFA
OFFO
SCLA
LCID
SIDR
0 . 993
1
1.28
0
ST RE SS
STRAIN
174500.000
0.000000
206903.768
0.001647461
212279.8067
0.003268896
214882.4969
0 . 005
216730.0687
0 . 006840772
218415.468
0.008791214
220139.6305
0.010851323
221952.1454
0.013021101
223838.5738
0.015300548
225761.705
0 .017689664
0 .020188448
227683.9839
229579.6811
0.022796901
231439.9601
0.025515022
233272 .3317
0.028342812
235095.6385
0.03128027
0.034327397
236931.8736
238796.5139
0.037484193
240689.4403
0.040750657
242588,8054
0.04412679
244450.2333
0.047612591
246213.328
0.051208061
247816.4284
0.0549132
249218.6038
0.058728007
250424.7709
0.062652483
251505.103
0.066686628
252593.2312
0.070830441
253838.525
0.075083922
255275.4298
0.079447073
256556.6959
0.083919891
256476.562
0.088502379
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B.4 The material model card for the thin walled AA6063-T5 extrusion m aterial
*MAT_DA1-1AGS_2
$
T his m a te ria l
and developed
square tubes
Note
from
$
$
$
$
$

model i s f o r t h e 6063-T5
by Bryan A rnold and B i l l

the fo llo w in g
th is base set

set

of

u nits:

kg,

alum inum
A ltenhof

mm,

sec

-

a llo y t e s t e d by Bryan A rnold
fo r th e 3/32" w a ll th ic k n e s s

all

other

u n its

are

derived

E
PR
RO
MID
1 2,. 7 0 0 E - 0 6 6 ■942E+07 3 . 5 0 0 E - 0 1
LCSR
P
LCSS
C
1
S
DC
EPSD
1150.0
0.65
0.0
EPS4
EPS2
E PS3
EPSl

S I GY

ETAH

EPPF

TDEL

EPS5

EPS6

EPS?

EPS8

ES4

ES5

ESS

ES7

ES8

ESI

ES2

ESS

* DE FI NE_ CURVE
$
T his i s th e lo a d curve f o r th e y i e l d s t r e s s v s. e f f e c ti v e p l a s t i c s t r a i n
$
t h e t h i c k w a l l e d m a t e r i a l AA6063-T5 { u n i t s a r e b a s e d u p o n s e t - k g ,m m , s e c )
OFFO
OFFA
SCLO
SCLA
LCID
SIDR
0 .993
0
1 .28
1
STRESS
STRAIN
1 9 7 6 1 3 ,6019
0 . 00017417
0.001571146
215662.2013
220169.1569
0 . 003179756
222684.249
0.005
224585.4819
0.007031878
226354 .2951
0.009275389
228200.5082
0.011730534
230211.0831
0.014397313
232406.8033
0.017275726
234772.2024
0.020365773
237274 .6434
0.023667453
0.027180768
239876.8481
242544.0356
0.030905716
245246.2654
0.034842298
247956.9622
0.038990513
250649.2799
0.0433503G3
253292.555
0.047921846
255851.2674
0.052704963
0.057699714
258288.3951
260573.6293
0.062906099
0.068324117
262694.5993
0.07395377
264666 .3663
266531.8158
0.079795056
268344.8241
0.085847976
0.09211253
270131.9291
271840.9647
0.098588717
273313.1059
0.105276539
274367.1417
0.112175994
0.119287083
275174.3251
277246.2267
0.126609806
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